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METHOD AM) APPARAllJS FOR BODY FLtJID SAft^^ 

ANALYXE SENSING ^^a^d 

BACKGROWID OF THE INVENTION 
lacing devices are known b tte xnedical heaim-cai^ 
Pacing the skin ,o produce Wood for analysis. Typically, a drop of blood for this type 
of analysis is obtained by „,aking a small incisjon iathe frngertip, creating a smaU 
wound, which generates a small blood droplet on flie surface of the skin.. 

Early methods of Jancing included piercing or slicing the skin wiih a needle or 
razor. Current methods utilize lancing devices that contain a multitude of spring, cam 

and mass actuator, to.drive the lancet. These include cantilever springs, diaphragms 

cod spnngs. as well as gravityplumbs used to drive the lancet. The device may beheld 

ag^tfteskinandmechanicallytriggeredtobalh'sticalJylaunchtheW 
Unfortunately, the pain associated with each lancing event using known technology 
dascourages patients from testing. In addition to vibratory stimulation of the skin as the 

dnver mrpacts the end of a launcher stop. known spring based devices have the 
possibility of fling lancets that harmonically osculate against the patient tissue, causing 
multiple shikes due to recoil Ihis recoil and multiple strikes of the lancet is one major 
impediment to patient compliance with a stnictnred glucose monitoring regime. 

Another impediment to patient conq,liance is the lack of spontaneous blood flow 
generated by known lancing technology. In addition to the pain as discussed above a 
patient may need more than one lancing event to obtain a blood sample since 
spontaneous blood generation is.mireliabJe usingknown lancing technology. Thus the 

pam IS inultipKed by the number of attempts required by a patient to successfiiUy 
generate spontaneous blood flow. Different skin thickness may yield different results in 
terms of pam perception, blood yield and success rate of obtaidng blood between 
different users of the lancing device. Known devices poorly accomit for these skin 
thickness variations. 

Variations in skin thickness including the stratum comeum and hydration of the 
epidennis can-yield different results l^tween different users. Spontaneous blood droplet 
generation is dependent on reaching thfe blood capillaries and v^moles. which yield the 
blood sample. It is therefore an issue of correct depth of penetration of the cutting device 
Due to variations in skin thickness and hydration, some types of skin will deform more 
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before cutting starts, and hence the actual depth of penetration will be less, resulting in 
less capillaries and vaauoles cut and less spontaneous blood g^eration. 

Known lancing devices fail to provide accurate sensing of lancet position. Thus 
they do not.know exactly how fir the penetrating member has cut into the tissue. This 
lack of position sensing is one reason for more pain&l lancing associated with known 

fluid sampling devices. . 

Additiondly, known lancing devices fail to have sufficiiently accurate control of 
lancet position and velocity to acWeve a slwntaneous blood generation in a relatively 
pain free manner.. ■ • 

SIJMMARY OF THE INVENTION 
The preseat invention provides sohitions for at least some of the drawbacks 
discussed above, Th? technical field relates to the lancing of the finger to obtain a body 
fluid or blood sample for the analysis of that sample. Because the penetration distance is 
a strong predictor of the success of the lancing event for s^jontaneous blood generation, 
the ability of the device to accurately control this distance is of interest Specifically, 

some embodhnents of the present invention provide an improved body fluid sampling 
device. For some embodiments of penetrating member, drivers, the mvention provides 
improved methods for controlling the velocity and cutting efficiejit of a penetrating 
member. At least some of these and other objectives described herein will be met by 
embodiments of the present invention. 

In one aspect, the present mvention provides improved lancing devices Operating 
with adaptive control algorithms. Becapse of the very higji speeds that embodiments of 
the present invention may move Uieir penetrating members, feedback control.may not be 
sufficient, due to the short amount of time available. In one embodiment, the present 
invention provides desired parameters, based on the models of flie penetrating member, 
the penetrating inembcr driver, and tiie targeted tissue. Based on fliis model, the system 
may have predictive infonnation stored in lookup tables on how to drive the penetrating 
. member drjvfer and when to apply braking force so that the device performs as desired to 
arrive at a desired depth and to provide a desired level of cutting efficiaicy and/or 
performance. 
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In one embodiment, a method Of coBtrolling a penetratmg m«3,b^ 
•n.e method comprises providing a lancing device having a penetrating member driver 

with a position sensor and a processor that can deterrnine the rela«^^^^^ 

velocityof thepenetratingmemberbascdonm.asurmgrelativepositionof the 
5 P«^«^t^8"^emberwithreq,ecttQtim^,providingaJooknptab]ehavm^ 

veloaty trajectory based on «npirical data; and using control to adjust lancet velocity to 
maintain penetrating member yelodty along said trajectory. 

In another embodhnent. the present invention relates to the way that an 
^^-^--"y<Wvenlancingdevicecan.„,lsthetr^^^^^ 

pomtofmaxhnmnextensionorpenetrationintoala,gettissue.Thisisthepoi^^ . 
maxmimn penetration of the lancet into the sldn. This embodiment of the p„^^^ 

mvention comprises a control algorithm, aat when combmed with the necess^ 
hardware to execute the contiol instmptions. increases the depth accuracy of the 
penetrating member. The present invention also provides improved cutting efficiehcy by 
providmg lancet behavior that is optimized for cutting tissue. 

^°-'»?P-t>thepresentinventianinvolvesleannngthn>ugh^^^^^^^ 
.deal setup parameters are and then using more comphcated feedback systems to get 
results snnilar to a feed-forward system. 

In other aspects, the present invention may involve manual braking, braking with 
zero residual energy, braking only, preserving acceleration, and appropriate force for 
smart braking. 

The system may further comptise means for cdupKng toe force generator: wi^ 
one of the penetrating members. 

The system may further comprise apenetrating member sensor positioned to 
momtor a penetrating memb^ coupled to the force generator, the penetrating member 

sensor configured to provide infonnation relative to a depth of penetration of a 
penetratmg member through a skin surface. 

The depth of penetration may be about 100 to 2500 microns. 
The depth of penetration may be about 500 to 750 microns. 
^ The depth of penetration may b^ in tiiis nonlimiting example, no more than about 
1 000 microns beyond a stratum comeum thickness of a skin surfece. 
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The depth Of penetration inay be no more than about 500 roi 

stratum comeum thickness of a skin surface. 

. The depth of penetration may be no jmore than about 300 microns beyond a 
stratum comeum thickness of a skin surface- 
5 The depth of penetration may be less than a sum of a stratum comeum thickness 

of a skin surface and 400 microns. 

• • • 

The penetrating member sensor may be further configured to control velocity of a 

penetrating member. 

The active penetrating member may move along a substantially linear path into 

10 the tissue. 

The active penetrating member may move along an atleast partially curved path 

into the tissue; 

The driver may be a voice coil drive force generator. 

The driver may be a rotary voice coil drive force gmerator. 
1 5 The penetrating member sensor may be coupled to a processor with control 

instructions for the penetrating member driver. 

The processor may inchide a memory for storage and retrieval of a set of 
penetrating mraiber profiles utilized with the penetrating member driver . 

The processor may be utiUzed to mom'tor position and speed of a penetrating 
20 member as the penetrating member moves in a first direction. 

The processor may be utilized to adjust an apphcation of feree to a penetrating 
member to achieve a desired speed of the penetrating member. 

The processor may be utilized tp adjust an apphcation of force to a penetrating 
member when tfie penetrating member contacts a target tissue so that tiie penetrating 
25 member penetrates the target tissue within a desired range of speed. 

The processor may be utilized to monitor position and speed of a penetratmg 
member as the penetrating member moves in the first direction toward a target tissue, 
wherein die apphcation of a launching force to flie penetrating member is controlled 
based on position and speed of the penetrating member. 
30 The processor may be utilized to control a withdraw force to the penetrating 

member so tiiat the penetratmg member moves in a second direction away firoin tiie 
target tissue. 
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In tte fct di^ction. the penehBting memb^ „.ay ™ove tow^ 

ataspeedthatis^liffere^tthanaspeedatwluchthep 
irom the target tissue. 

the target tissue. . 

. ^«^«iofap«.^tingB,emberinthefotdix.ctiournayb^ 
about 2.0 to 10.0 m/sec. " range oi 

M d,= d„«ton "-y be *«a 100 to abou, 1000 dH« to »«age 

vebc^ ofte „^ ^ , ^^^^ ^ ^ ^ 

becco^ a,^,™„ fc, ^er«,c. « tte ran^, ^ ^ 
urawings. ' 



15 



20 



BWEFDESCRimON OF THE DRAVVINGS 

cvlindri!rr '1^'^ " '^"^ in the fonx. Of a . 

cyhndncal electncpenefratbgxnember driver u^g a coiled solenoid -t^^ 
configuration. 

Hgirre 2A iUua^es a lisp W™, ^ , „ 

dnven by a haimonic spring/mass system. 

'''«^^"'«°^<'»v*ci.y<««fa.p„li,eofap„eta^^,„^ 

oy a Jiannonic spring/mass system; 

25 . ,,''r"''''""^'"'*'''*^°'"'ta«l-''a.ofa„e„,boa^^^ 

25 controllable force driver. ' 

Figure 2D ilhistrates a velodty over tuneprofile of an embodiinent of a 
controllable force driver. 

Figure 3 is a diagran^atie view illustrating a coAtrdlled fee^^^^^ 
the invention. 

Figure 5 is an elevation view in partial longitudinal section of the tissue 
penetration device of Figure 4. 
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Figure 6 shows one embodfanent of theiJtesent invention with a front end and 

landing a target tissue. 

Figure 7 are graphs showing tentmg and force related to a lancing event. 

Figure 8-9 show schematics f«r a tissue penetrating device; 

iPigure 10 shows a graph of tenting and panetration profiles. 

Figures 11 A- 11 G shows a mefliod of penetrating tissue. 

Figures 12A-12C show various embodiments of atissne penetrating device. 

Figures 13-15 show graphs of penetrating member velocity overtime. 
Figure 16 shows a schematic representation of the rq)erfusion of skin after 

* ^ 

impact 

Figure 17 shows a tissue penetration device piercing skin. 

Figures 18-21 are images of penetrating members and their int^^ 

* 

tissue.. . ■ . 

Figures 22-23 show various control methods as ilhistrated in graphs of velocity 

ova time. 

Figures 24-25 show schematics of embodiments of a penetrating member device 
with a controller to account ifor pressure. 

Figure 26 shows a penetrating rbember in tissue. 

Figure'27 shows another embodunent of a sing for use with the present invention. 

Figure 28 shows a graph of force and displacemrart. 

Figure 2? shows a graph of electrical performance. 

Figure 30 shows a zero position for a solenoid driver. 

Figures 31-43 show various graphs of penetratiiig member performance and 

control schematics. 

Figure 44 shows a graph of penetrating member velocity versus time for one 
embodiment of a control algorithm according to the present invention. 

Figure 45-46 shows one embodnnent of a electroic drive mechanisna. 
Figures 47-53 show varions graphs of penetrating manber performance and 

control schematics. . 

Figures 54-56 shows various embodiments of penetoating member drivers. 

Figures 57 and 58 show graph of performance. 

Figure 59 shows one embodnnent of disc for use with the present invention. 
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Figure60show5oneviev.ofthediscinapei.etraling»ea.berdevice 

5 "^"lONO^TBISIEaHCEMBODlMEim 
. »U^,le »aD,e detetog a«i m.rtiptop«^ ^ ^ 

mabyembodmmlsoflhepiKentiiivailioa 

n«'»l»>^90dU,a. boa, general d«««p«^ 

^ d» fe^s "a", w and •the" taciudop,^ ^ ^ . 

ld=. Re Wes c««, herein 3,0 h«eby bKO,ponU«i by 

2'^-^'^ '» «». conliic. ^ateacbtags e^Hoidy .e. fa,* fa dda 

specification, 

^ mm, sp«iBoacn and in ^ d«n,a Which Mow. re We wiU be n,ade to a 
nuaber of tona which a^a be defined to have the fonowing meanings- 

or "opaonall/- n«ana tta, to suhse,n«My desrtbed circm^ 
n=ay « n«, no. oc^, a., dra, d« deacripd<» inchrdea instances wh«. .he circno^eanc. • 
^ ^dn»^ Where i, d„ean«. Por «an.p,e. if a device opdonaUy contain, a 
featoe for an*..^ a blood sample, «da n,eana «,a. tte analy^da fea«re n,;^ or „^ „o. 

be preaent a^i. U.n3. U» deacripbon inehdes sancWes wherein a device possesses ^ 
analyse feattre and structures whsein Ok. analysis feature is not present 
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The present invention may be used wifli a variety of different penetrating member 
drivers. It is contemplated that these penetrating member drivers may be spring based, 

• • • 

solenoid based, magnetic driver based, nanomnscle based, or based on any other 

mechanism usefiil in moving a peaetrating member along a path into tissue. It should be 
5 noted that the present mvention is not limited by the type of driver 

penetrating member feed mechanism. One suitable penetrating member driver for use 
with the present invention is shown in Figure 1. This is an embodiment of a solenoid 
type electromagnetic driver .that is capable of driving an iron core or slug mourited to the 
penetrating member assembly using a direct current (DC) power supply. The 

10 electromagnetic driver includes a driver coil pack that is divided into three separate coils 
along the path of the penetrating member, two end coils and a middle coil. Direct 
cuiimt is altemated.to the coik to advance and retract the penetrating member. 

Although the driver coil pack is shown with three coils, any suitable number of coils may 
be used, for example, 4, 5, 6, 7 or more coils may be used. 

15 Referring to the embodfanent of Figure 1, the stationary non housmg 10 may 

contain the driver coil pack with a first coil 12 flanked by iron spacers 14 which 
concentrate the magnetic flux at the inner diameter creating magnetic poles. The inner 
insulating housing 1 6 isolates the peiietrating member 1 8 and iron core 20 from the coils 
and provides a smooth, low friction guide surface. The penetrating member guide 22 

20 further centers the penetrating member 1 8 and iron core 20. The penetrating member 1 8 

is protracted and retracted by alternating the cunent between the first coil 12, the middle 

coil, and the third coil to attract the iron cfoie 20. Revering the coil, sequence and 

attracting the core and penetrating member back into the housing retracts the penetrating 

member. The penetrating member guide 22 also serves as a stop for the iron core 20 

.25 . mounted to the penetrating membar 18. 

As discussed above, tissue penetration devices which employ spring or cam 

driving methods have a syrftmetrical or nearly symmetrical actuation displacement and 
velocity profJes on the advancehicnt and retractiori of the penetrating member as shown 
in Figures 2 and .3. In most of the available lancet devices, oiice the launch is initiated, 
30 the stored energy determined the velocity profile until the energy is dissipated. 

Controlling impact, retraction velocity, and dweU time of the penetrating member within 
the tissue can be useful iir order to achieve a high success rate while accommodating 
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v«,,,»„, „ do. property e.d ™«e^ Advanta^ 

Fi^3m.*a,«U,.operatoofafe««,«*to„p„^,p^^^ ^ 

i«rf™an« d«™„^ aroush ■es.i.g a. f.^ „ ^ ^ ^ 

60 „a, ^ ^ ^ ^ ^ ^ P r 

^a„™ . ^ to ™ 7e ^.ea. «^ ^1 

e^bodu..^ »d ^ be ftu™, i„ ,he speoifi^adoc f„ c«,^ aa«g.ed 
copffld,^ US. Pata,. AppBo«io„ Ser. No. .M27.395. (A«„„ey Docka. No 38m 
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2551) filed April 19, 2002 and previously incoiporated hejrein. The processor 60 
calculates the movement of thepenetratingmember by comparmg the actual profik 

the penetrating member to the predetennined profile. The processor 60 modulates the 
power to the penetrating manber driv«: 68 through a signal generator 78, which may 

5 control the amphfier 70 so that the actual velocity profile of the penetrating member does 
not exceed the predetennined profile by more than a preset error limit The entor limit is 
the accuracy in the control of the penetrating member. 

After ttie lancing event, the processot 60 can aUpw the user to rank the results of 
the lancitig event. The processor 60 stores tiiese results and constructs a database 80 for 

10 the individual user. Using the database 79, the processor 60 calculates the profile haits 
such as degree of painlessness, success rate, and blood volume for various profiles 62 
dq)ending on user input information 64 to optimize the profile to the individual user for 
subsequent lancing cycles. These profile traits depend on the characteristic phases of 
penetrating member advancement and retraction. The processor 60 uses these 

15 calculations to optimize profiles 62 for each user, hi addition to user input information 
64 an internal clock aUows storage in the database 79 of information such as the time of 
day to generate a time stamp for the lancing event and the time between lancmg events to 
anticipate the us«*s diumal needs. The database stores inforaaation and statistics for 
each user and each profile that particular user uses. . 

20 In addition to varying the profiles, the processor 60 can be used to calculate the 

appropriate penetrating member diameter and geometry suitable to realize the blood 
volume required by the user. For example if the user requires about 1 -5 microhter 
vohime of blood, the processor 60 may select a 200 micron diameter penetrating member 
to achieve these results. For eadi class of lancet, both diameter and lancet tip geometry, 

25 is stored in the processor 60 to correspond with upper and lower limits of attainable 
blood volume based on the predetermined displacement and velocity profiles. 

The lancing device is oapsble of prompting the user for information at the 
beginning and the end of the lancmg eveat to more adequately suit the user. The goal is 
to either change to a dilferent profile or modify an existing profile. Once the profile is 

30 set. the force driving the penebating member is varied during advancement and 
retraction to follow the profile: The inethod of lancing using the lancing device, 
comprises selecting a profile, lancing according to the selected profile, determining 
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profile taits for subsequoilliBcing events. l^mnzmg 
™>^»'-«hg.evic.S„tt«Mc,«,esae».roMed*e,n9.™p^^ 

91 . Tl. etagate 84 ddvcn b, driver cofl!!?' 

contoilaWeeleetamagnetic driver. ""ver. specSoaUy, a 

n« ™g „«,.»er sw, 201 be »^ri.ed of staiMe. steet „ an' o J' 
^^e^n^ena, =r aHo, am, bavo . Wer. .^^^ „ /.^ 

71«^*a,^,„en,taraba«o.a,h.,..,e„g4ofab„u.3.^toabo«.0™, 

rn°° T7 '^'^"^'"'^ n-ecbanicaUycap,^ by Uredrive coupler 

A „.^eUo member 102 ia ^ to tte elo.^ ooepler abaft 84 p^ri^al' of 
mve couple 85 ™. a distal p^ 203 Of me elongale ooupler ^a« 84^ 

ax,alh„,e„204extad„g,b.te,g,boftt»„„g«„,^,O2. Ile^agaetie 
n.».berl02baaa.o..er,ra^dl.^^,^^„^^^^ 
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[ slide easily wfluB an axial lumen 1 05 of a low friction, possibly lubricious, polymer 
guide tube 1 05' disposed within the driver coil pack 88. The magnetic member 102 may 
have an outer transverse dimension of about 1.0 to about 5.0 mm, specifically, about 2.3 
to about 2.5 mm. The magnetic member 102 may have a length of about 3.0 to about 5.0 

• * 

5 mm, specifically, about 4.7 to about 4.9 xjm. The magnetic member 102 can be made 
firom a variety of magnetic materials including ferrous metals such as ferrous steel, iron, 

* * ' ■ ' , , 

feirite, or the like. The magnetic member 1 02 may be secured to the distal portion 203 
of the elongate coupler shaft 84 by a variety of methods including adhesive or epoxy 
bonding, welding, crimping or any other suitable method. 
10 Proximal ofthe magnetic membCT 102, an optical encoder flag 206 is secured to 

the elongate coupler shaft 84. The optical encoder flag 206 is configured to move within 
a slot 107 in the position sensor 91 . The slot 107 of the position sensor 91 is formed 
between a first body portion 1 08 and a second body portion 1 09 of the position sensor 
91. The slot 107 may have separation width of about 1 .5 to about 2.0 mni. The optical 

' * • * * 

1 5 encoder flag 206 can have a length of about 14 to about 1 8 mm, a width of about 3 to 
about 5 mm and a thickness of about 0.04 to about 0.06 mm. 

The optical encoder flag 206 interacts with various optical beams generated by 

• • • ' • . * 

LEDs disposed on or in the position sensor body portions 108 and 1 09 in a 
predetermiped manner. The interaction of the optical beams generated by the LEDs of 

20 the position sensor 91 generates a signal that indicates the longitudinal position of the 
optical flag 206 relative to the position sensor 91 with a substantially high degree of 
resolution. The resolution of the positio:n sensor 91 may be about 200 to about 400 
cycles per inch, specifically, about 350 to about 370 cycles per inch. The position sensor 
91 may have a speed response time (position/time resolution) of 0 to about 120,000 Hz, . 

25 * where one dark and light stripe of the flag constitutes one Hertz, or cycle per second. The 
position of the optical encoder flag 206 relative to the magnetic member 102, driver coil 
pack 88 and position sensor 91 is such that the optical encoder 91. can provide precise 
positional information about the penetrating member 83 over the entire length of the 
penetrating rafember's power stroke. 

30 An optical encoder that is suitable for the position sensor 91 is a linear optical 

incremental encoder, model HEDS 9200, mmufactured by Agilent Technolo^es. The 
model HEDS 9200 may have a length of about 20 to about 30 mm, a vridth of about 8 to 
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sensor disM«ed abo,^ a,,d the like, ■ ■'^'''^''li^ep^lia, 

optical encoder 91. »"J' "»u»esjotl02ofthe 

15 



25 
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In another aspect of the present inventiou this solutinn- , 

~.ts. tenting and force present at the iTirr 
inten,olate the shatmn coxneum VSCl th" '"^ ''"''^^ 

tenltagmalmsarscale Va™„<ari.. n ™'^^"')'l>'<"«mE force vs. 

slope o/ttis o„r,e TlZ'I . «cta«s c^ses . oban^e i„ tte 

^ Ref™««™,toFi8„,e6,oneembodimc«ofal«=aga^„200.^^^^ 

The aiTDw 202 indicatPQ « a_ . aevice 200 is shown. 

tissue. AlinseXrrZ^r^ '""^'"'"'""^'^'"^'- 

sfrafa gauge orapiseoelecWcsoKo, n,, ™ ""^ ^ ^ ^ '™">°' Med to a 

memoiy M 

Releixing now tp Figure 7. experiment 342 shows that there are two 
slopes 220 and 222 for different SC thicknesses Li„e 222 cc T 
(313) SC while line 27no . ^« ^22 corresponds to the thicker" 

^oowmjeime 220 corresponds to the thinner r217^<jr Th,. • .u , 

-..^d.g.e.^<„«,^_,,;^^;^^^^^ 



PCTAJS2004/018I32 

WO 2004/107964 



14 



teating,theSCtMcla,esscanbedeternunedbasedonthesl^^^ Methodsfor 

detenruruBgteptingarediscussedincommanlya^^^ ^ 
AppHcati6nSer.No;60/476.584(Atto«^I^cketNo.38187-2677)n,aybeus^^^ 

thepreseatmvention. it should be understood that this infonnatioB xnay be stored anto 
the«. ihelocation.sedtolancen.ayalsobestoredi.to«M^that 

measurements for specific sites may be grotiped together. 

It should be understood that the present invention relates to the way 

electronically drivenlancingdevicecontrolsthetr^ectoryof^^ 
point of maximum extepsioB. This is the point of maximum penetration.of the lancet 
intotheddn. to one embodiment, the invention comprises a control algonthm, that 

when combined with the suitable hardware to execute the control instructions. mcreas.« 
the depth accuracy. The present apphc^tion ^so describes the n^ethod 
but only refers to traditional braking adjustment after this phase. Tl^epresent application 
also describes the idea of setting the contact velocity at a rate where coil actmty ^s 

„,immized and the control system "operates within a projected trajectory." ■ 
ReferringnowtoFigare8.onemethodofpenetratingmembercontrolwallbe 

described. Il^en^ethodoflancingstartswiththepenetratingmembercontrolsystemSlO 

that is coupled to an electric drive mechanism 320 used to accelerate the penetrating^ 
member322toadesiredspeedtoward.atargettissueT.Thep«.etratingmember32^^ 

hits the skin at a relative point and then there is a switch when the penetrating member 
322reachesacertaindisplacement The control system will cuse the braking to come . 
on Andthenbrakingwillhappenreallyldndofanondeterministicway, Thebrakesare 

on, it goes to a certain depth., liere is not an mteractiveness with the control system as 
towherethemember322isat,astowhereitneedstpbe(^n.thepointthebralang 
switcheson). m variance ofwh^ the member 322 is and where it wants to b..s could 

• ■ - ■ 

be improved. j - ♦r.f 

Refeniug now to Figpre 9. «iti P«=« tavention ming one «mbod,m»l of 

is unned "smart brakfag-, an adapSve oontn.1 sys«. 350 n>ay b. «s^ .o topove 
perfoonand. - Such a s^.«. 350 has «» abi% » .»iirec, braking «ng the b«kmg 
, L„4toge..o*5n,».b=r322U.«,*approprfa.edep».d.sired. to one en>bodm,».. 
is no. necessarily a braking up U, point of reversal in a binary n,a»>« (>.e, 

either full on or full off). 
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used With the system 350. ^^odois 
™^vedp<««„3««r.lffl„ 

^'^---P'u^s.^iKA.U.wouldbep^.lle.o^^ 

matching or c<»nmg dose to that of theposiUon axMder. 

«ga,ds ,„ ,Be algonO^ i„ on, ™b„^o„^ ^ , ^ ^ ^ 
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penetrating membCT 322 is still traveling in the inbound directidii. With stored up data, 
based on this time and this position smd a desired dspOx oi profile, the control system 350 
will make a decision whether to accelerate, brake, or db nothing. lUe decision point will 
ultimately determiae what depth the penetrating mbiber 322 reaches. » 
5 understood ofcouise that there may be more than one deciapn point in a braking cycla 

But if the deceleration is too high or other factors excessively slow the monber 322, the 
control system 350 may choose to accelerate rather than brake. B could also brake 
harder, as the circumstances warrant 

It should also be understood that it may be possflile to bring down the variance 

10 where the lancet ultimately ends up. For a certain depth, there is an qpthnal contact 
speed, given the uncertainly once the penetrating member 322 goes past initial contact 
with the tissue. It helps that the entire control system, in that it gives a neutfal 
composition. There may be sbme braking or some acceleration, but there is not a huge 
amount of correction. There is a neutral position. 

15 In oije embodiment, ifthebrakmg algorithm is more complex in the sense that 

instead of just lookmg at position and time, it is looking at podtiona^^^ 
three cycles and dividing that into a smooth brakmg factor and taking that's distance (or 
corrected distance based on the contact point routine), flien it is a simple multipUcation 
of this factor and that position factor and that the system does not need a true iipdate at 

20 the next look up table interval. It is a rolling average that gets the penetrating member to 
the intended depth at a higher degree of accuracy. 

There is some variability with how the skm performs. Physiologically, as a 
nonlimiting example, a stick of about 2 mm m depth might increase the actual depth by 
+/- 300 microns. Even thou^ theoreticaUy, the system can get reaUy close to the desired 

25 depth with the control system, other mechanical or physiological reasons may create 
■ errors. Smartmg braking increase the stability of the control system. It might have a 
more stable profile to deal with physiological uncertainties that are otherwise 
unaccounted for. 

Various velocity profiles can influence cutting efficiency and more specifically, a 
30 final depth as the tissue reacts differenUy based on velocity of the penetrating membw. 
As a nonlimiting example, if the penetrating members goes in fast and is braked hard, the 
tissue may still have momentiun and the tissue^ancet interface may not be stable (i.e. not 
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move togaU,„).« i, o,^ end „p tt^ a, oo^^ „f ^ ^ 
Of a facto. Uyo. had amo« slakfe ^ ^ 

couldbo™h.ador»ubaa«MI,.*«„„„,o,u,ee,pata. I. ce cmb«toert o,a« 
P«en. u,ve„U«^ to t«Kb adi« a. fetfag cj^le somo«. rate of 

decde„Uo„i.,e,3,vdyca«a«a».kee^«,efe„eorsM„i„a.»e^erei,do.s„o, 
have^»^,„adsp..»,itlf^^„,^^,^,„,^^^^ 

away fiom the lancdaiKlbe keep moviig. 

°*«'i««™'«'»b,*».bofa,eco„toi.y,,e^to«^^^ 

an^g a,go«ta evolve, ddvtag .he .a„ce. a. a Mgh ,a.e ofvelod., .o a p,.deton*». 
^^U., a. a given diatane^ and p*,g ™^ 

'-«^»*P''--.-W.A,*d,yIookup.abieoo„eap<«dingtoU»e„^ 

--Be ..oci^vneees^a^ . , ^ d^ngh i-eXt 

^y...^).sa..aa„no„f«»di,ecd»„^^,^^,^^^_^^^ 

d,e Janee. ahonid oon„ , ate in tt. lading eyele a»i should be ^Uve ■„ 

"''"W'^-'acen.enttov.lods.canbechectadhyd.eoon.roIproeeaao,.^ 
" compared to a vetodoi lookup table. 

/^"'*Jli»8«an>pK0Jn,Ulini«Babrfbre«.e intended penetolion 

TZ/T, °"^ eontro, algo*. ..d oal,«, a. d^ ^ 
1 w r!" ^ «- -direct ffle wt, Ifthe ^ 

was m Of the oo^aa apeed. thia would indicate ,„ the device that die lance, had 
d^e^ted t^ ^ch. and a metered bu,^ Of ene.^ cotresponding to it^ ^ 

u««,«apphed,othelance,fion..h.ddvcn»t.rto.cceW,anee,t„itsin.ended 
d,,acen,en.: If toapeed«a40%of thecontac^ thelancetwould be 
d^^etated wjth , .eter«, bnra, of ™„gy. a linear pbaition sensor has better 

P<».hon«„„eresohaio„ a, higher ^^eeda and the abili^ „f .he ntotor to accelerate or 
deeetae is higher a. low speedy d,e decision to accelerate o. brake should co-e at a 
d«^lac«„e„. in which the velocity is conaistenUy witti. fl,e cpti^,. woridng range of 
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the positioin encoder and the motor. It should also occur late enpugji in fhe lancing cycle . 
to be predictive. There may be more than one position-based decision poiiit while . 

' ■ * « > 

penetrating, but the processing speed, force response of the electronic motor, and 
resolution of the position senspr are the physical deteaininantis of whether this is feasible 
5 for the system and within what range of positions this control method^^^ • 

A naore complex control algorithm would also utilize a least squares method in 

■ . ■ ' ' ' ■ • 

tandem with the velocity, and position comparison. la this embodiment, this binomial 
equation would detomine the rate of deceleration and invoke the braldng or acceleration 

• * 

algorithm with the additional factor concerning the shape of the curve. It would 
1 0 distinguish between skin stif&ess and skin position by effectively integrating the 
velocity vs. position curve during the deceleration phase of the lancing cycle. An. 

algorithm factors these viariables and accounts for them during in the control loop will 

• ■ * . * • ■ ' 

provide a more desirable result, in t^ms of cutting efBciracy and desired peiietrating 

depth of a penetrating member into tissue. 

1 S In yet another embodiment of the present invention, disclosure is provided herein 

that relates to a mode of operation with an electronic lancet drive system where the 
inboimd penetration of the lancet to the skin is determined by the amount of force 
applied by the motor. Referring now to Figure 10, the graph shows lanciiig sticks or 
events into the same finger with different contact speeds. As seen in Fijgure 10, there is a 

20 strong correlation between speed and penetration. No feedback is applied to obtain a 

certain position. As seen in Figure 1 0, the repeatability of the depth appears to be high. 

There is also a relatively predictable way that the skin tents above a certain speed. 

. ■ ' . ■ • • • ■ . 

The current method cpnceming lancing involveis driving the lancet at a togh rate. . 

of velocity to a predetermined depth, stopping at a given distance,, and pulling oiit the 

25 lancet at a givdi rate. In the present embodihient of the invention, the system involves 

* • 

an alternative control mode of operation where the intended depth is not held constant. 

With electronic lancing and position feedback, the lancing device 20 can meter 
the amount of for^e it presents to the skin at impact The contact ^eed will be higher for 
a lancing cyclie in, which a higher penetration depth is intended. In one embodiment, a 
30 velocity lookup table corresponding to the composite amount (the average velocity 

necessary to achieve a certain depth through iteration of many sticks) is set as one of the 
directions to the control sequence. There may be a desire not to exceed threshold of a 
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It sho«ldundenrtoodtbat tbistjpeofsetup may be advantageous , 
users This is fniP if A- t. • , • "':'"*^s«>"s mode for some 

users, ''^s « troe If the physiological characteristics that determW « 

nvi ucOT ro occur. The device is not limited tn tii4o j t_ 
Fixed contact point ="evice. 

penetratmgmemberlSSisinthezerolimeorinitialposition Th' u ^"^^^ 

^^^^ .M,o.:r::Zr:r'"" 

. '"^''^'''*=^^«0*^*W'««'n«actthepatienfssldn233 TWsconlH 

include the start position of the magnetic member 202 ^ k 

• ^ magnetic path toleranrp 

-r8o°::^:::::::r"''-^''''-"-^--^ 

-W,8,e. ^ 
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manufacturing with a tolerance slack-up that is acceptable, then the distance from the 
penetrating member tip 196 to the target tissue 233 can be determined at the time of 
manufacture of the lancing device 180. The distance could thai be programmed into the 
memory of the processor 193 . If an acQustable feature is added to the lancing device 180, 

5 such as an adjustable length elongate coupling shaft 184, this can accommodate 

Variations in aU of the parameters.noted above, except length of the penetrating member 

183. An electronic alternative to tWs mechanical approach would be to calibrate a stored 

memory contact point into the memoiy of the processor 193 during manufacture based 

on the mechanical parameters described above. 

1 0 Li another ranbodiment, moving the penetrating member tip 196 to the target 

tissue 233 very slowly and genUy touching the skin 233 prior to actuation can 

accomphsh the distance from the penetrating member tip 196 to the tissue 233. The 
position sensor can accurately measure the distance jSom Ihe initiaBzation point to thie 
pomt of contact,.where the resistance to advancement of the penetrating member 1 83 
1 5 stops the penetrating member movement. The penetrating member l83 is then retracted 
to the mitialization point having measured the distance to the target tissue 233 without 
creating aiiy discomfort to the user. 

Using an acoustic signal to detemime contact point 

In yet another embodhnent, the processor 193 detemiines skm 233 contact by the 
20 penetrating member 1 83 by detection of an acoustic signal produced by the tip 196 of the 
penetrating member 1 83 as it strikes the patienf s skin 233. Detection of the acoustic 
signal can be measured by an acoustic detector 236 placed in contact wiUi the patient's 

skm 233 adjacent a penetratmg member penetration site 237, as shown in FIG. 31. 
Suitable acoustic detectors 236 include piezo electric transducers, microphones and the 
25 Uke. The acoustic detector 236 transmits an electrical signal generated by the acoustic 
signal to. the processor 193 via electrical condiictors 238. 

Using continuity in an electiic drouit to measure contact point 
In another embodiment, contact of tiie penehrating member 1 83 with the patient's 
skin 233 can Be determined by measuronent of electrical continuity m a chrcuit that 
30 includesthepenetratingmemberl83,fliepatient'sfinger234andanelectricalcontact 

pad 240 that is disposed on the patient's skm 233 adjacent the contact site 237 of the 
penetrating member 1 83. hi tins embodiment, as sdon as the penetiating member 1 83 
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contacts the paUent's sldn 233, the cinnut 239 is conjple^^^^ 

circuit 239. Completion of the circuit 239 can then be detected by the processor 193 to 
confirm ddn 233 contact by the penetrating niember 183. If the penetrating member 183 
has not contacted the target sldn 233, then the process proceeds to a timeout operaHon 
> I°thetmieoutoperation,theprocessorl93waitsapredeteiminedt^^ . 
timeout p«iod has not yet elapsed (a "No" outcome from the decision box 267) then the 
processor continues to monitor whether the penetrating member has contacted t^e target 
skin233. ^ei»ocessorl93prefoaWycontinuestomomtorthepositionandq>ee^^^^ 
thepenetrating member 183, as well as the electrical cun«nt to the appropriate coil 214- 
217 to maintam the desired penetrating member 183 movement; If the timeout period 
elapses without thepenetrating memb«^ 1 83 contacting the skin (a ' Tes" output fiom the 
decision box 267), then it is deemed that the penetrating member 1 83 will not contact the 

Stan and the process proceeds to a withdraw, phase, where the penetrating member is 
withdrawnawayfrom1hesldn233,asdiscussedmorelullybelow. The penetratmg 
member 1 83 may not have contacted the target skin 233 for a variety of reasons, such as 
If the patient removed the skin 233 fiom the lancing device or if something obstmcted 
the penetrating membear 183 prior to it contacting the skin. 

Reduction in poietrating member velocity to detennine contact point 
In anothCT embodiment, the processor 193 may use software to detemune 
whether the penetrating member 1 83 has made contact with the patient's skin 233 by 
measuring for a sudden reduction in velocity of the penetrating member 183 due to 
friction or resistance imposed on the penetrating m«nber 1 83 by the patient's skin 233 

The optical encoder 191 measures displacement ofthepenetrating member 183. lUe 
positionoulputdataprovidesinputtotheinteiTuptmputoftheprocessorl^ Tho 
processor 193 also has a timer capable of measuring the time between mterrupts. Ihe 

distance bet^yeen intemipts is known for toe opticd encoder 191, so the velocity of the 
penetratingmember 183 can be calculated bydividingthe distance between interrupts by 
the tmie between the intenrupts. This method requires that velocity losses to the 
penetratingmgmber.183 and elongate coupler 184 assembly due to fiiction areknown to 
an acceptable level so that these velocity losses and resulting deceleration can be • 
accounted for when establishing a deceleration threshold above which contact between 
penetrating member tip 196 and target tissue 233 will be presumed. 
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This same concq>t can be implemented in many ways. For examp 
monitoring the velocity of the penetrating membar 183, if the processor 193 is 
controlling the penetrating member driver in order to maintain a fixed velocity, the 
power to the driver 188 could be monitored. If an amount of power above a 

5 predetemiined threshold is required in order to maintain a constant velocity, then contact 
between the tip of the penetrating member 196 and the skin 233 could be presumed All 
of the above figures are in reference to figures found in U.S. Patent Application Ser. No. 
10/127,395 (Attorney Docket No. 38187-255 lUS). 

Using a slow moving penetrating member to deteimine contact point 

10 In a still fiirthCT embodiment, a new contact point algorithm is run before the 

actual lance event As a nonlimiting example, such an algorithin may be iim 

* ■ ■ ■ * 

immediately prior to lancing. 

Whether the penetrating member is sbiking a finger or other material/object can 
be detemrined. Infonnation about the skin properties of the finger can be determined. 

1 5 With a reasonable sized aperture, the finger contact point can vary by more than the 
depth of penetration. Unless the contact point can be accurately determined, correct 
depth may be difficult to control. This method cancels out mechanical variations that 
occurin themanufacturingprocess.of the actuator, coupling to the penetrating member, 
and length of the pmetrating member. In addition, we can determine if there is anythmg 

20 there at aU (strike into air). The finger in the above description can be any part of the 
body to be lanced. 

Description of the algorithm: In one embodiment, the penetrating member is 
accelerated to a slow speed, in the present embodiment of the actuator, it is about 0.6 to 
0.8 metos/second. It should be understood that this is a nonlimiting. example. The 
25 speed may be tuned to the mass ofthe lancing assembly. The more the mass of the 
assembly, the slower the ^eed should be. Since the energy stored in the assembly is 
detemiined by '/i MV^ the desire is to store a sufficiently small amount of energy such 
that the penetrating member does not penetrate or does not significantly penetrate the 

stratum comdum of the skiiL 
30 Refening now to Figure 12A-12C, the speed of the penetrating member is 

maintained at the desired velocity until the Start Contact Search Point 400 is reached. In 
the present embodiment, this is simply first point before the contact can occur. The coil 
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pow is turned off When the start Contact Search i>oi„t i. ^ 

men.ber assembly coasts, one embodin^ent, this Start Contact Search Point n,ay be 

where the front end ofthe device is located. 

IWrnpeded^thepenetratingmemberassemblyinthispresentembodin^ 
5 inventionwillcoast™.tiltheStopCo„tactSearchPointisxeache^ j,^,^^^ 
embodnnenv this is simply the maximum point at which a finger can be placed for a 
vahd strike to be achieved. Since the penetrating member a^bly has a maxim^n 
depth hmited by the physical stop, unless there is enough depth available (maximum 

depth-contact point has to be > desired depth) there is no reason to continue the stick 
) ^^'^^^^ewayitisdetexminedthatthepeaetratingmemberwouldst^^ • 
We coasting, a base speed of the penetrating member at the beginning ofthe • 
Start Contact Search Point is established and the speed ofthe penetnUing n^ember 
assonbly is mom'tor^. Position feedback and n^omtoring is discussed in commonly 

38187-255I)fi,edApriI19,20Q2.fullyi„corporatedhereinbyreferen^^ . 

slowdown of more «,an a preset threshold (in one embodiment, we 

12.5/.seemstoworkfine).thedistanceatwhichthisoccuisisrecorded Inone 

embodimenvthisdist^cemayberecordedintheprocessororinmemo 

processor. This is called the tentative contact point 404. Using a quadrature phase sensor 

^oneembodimentofthepr^^entinventionor others^so, we can measure direction 
Ihe coasting contmues until a reversal of direction or a timeout occurs with no reversal 
M one embodhnent, if ^o revensal occurs, we may assume that either binding in the 
mechamcal assembly occurred or the penetrating member struck something that did not 
rebound. This is called a stall. 

Ifarwasalofdirectionoccurs,westorethisvalueordistancetoo Ihe 
difference betwe^ thereversal pomt 406 and tentative contactpoint 404 is calculated 

Thepos,t,onsshowninFigurel2Apurelyillustrativeandarenonlimiting Ifthe 
dafferenceis lower thanap^et threshold, weknow this isnotatjpi^ 
difference rs a^ove the threshold we declare it is a finger and the difference between the 
two IS ameasure ofthe stretchmg or tenting as discussed in copending US Patent 
Apphcahon Attorney DocketNo. 38187-2551US or Attorney Docket No. 38187-2677 
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embodiment the above rules result in many output codes from the contact point 

algorithm. They are summarized below. _ . 

1 Valid contact point d^ted (outputs contact point measurement and 

reversal point) 

2 Stop Contact Search ?pint exceeded. No contact point detected because 
therewasnoslowdovoxwiihin lhe Contact Search range (Start^C^^^^^^ 

Stop Contact Search Point). 

3 start Contact Search Point error. Ihe contact point (slowdomi) was 

deteetedtooclosetotheStartContactSearchPointsuchttattheslowdownmight^^^ 

already started during the establishment of thebase Sfpeed. 

• 4 staU- A stall is an error that results from a slowdown.detected, but no 

reversal (described above). 

5 Contact Hard Surface- this enorres«lts>m a the difference between 

the revenml and tentative contact point being is Idw than a preset threshold. Jhis 

indicates the object.hit did not defom,, so we know this is not a typical fing^. 

The difference between the threshold vahie and the actual measured difference 

between the reversal point 406 and the tentative contactpoint 404 may be used to a^ust 
thedesiredpenetraUondepth. Forexample.if the distance between points 406 and 404 
is greater than a threshold value, then this tissue exhibits more tenting than the standard 
tissue model. The d^ired penetration dq,th may then be increased to accom^t for the 
extra tenting. On the other hand, if it turns out that the distance between points 406 and 
404 is less than the threshold/then this tissue exhibits less tenting. The desired 
. penetrationdepthmaythenbered«ced.byaproportionalam<^ntinoneem^^^^ 

since the tissue has less tenting to account for. ' 

After the skin or other tissue relaxes, the difference between the reversal posrtron 
406 and the iniUal position 404 may be measured so that the amom,t of tenting T for. this 
stickorlancingeventisknow. Now th, actual penetration or dep^ in the skin or tissue 
n^aybecalculatedandanew target depth maybe calculated by addmgthevarianceof 
the actual depthfromthatofthethreshold to the targetdepthtoyieldanewt^getd^pft 

that now compensates for the amourit of tenting. In one embodiment, the engme or 
penetrating member driver that actuates the penetrating member is reengaged to achieve 
the new target depth which includes the distanceto compensate for tentmg. This process 
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as relatively fast such as but not linuted to under about 50 ms. so that it appears and feels 
^^««^«<>P«^«ontotheuserorpatient Inanotheren.bodin,eut.at^I^ 
probe may be used to provide skin quah-ties. As . nonlinutbg exanaple as seen in Figure 
I2B. a separateprobe 410 with mass and dixneasion substantially sinul^ to that of the 
5 I>enetratingn,ember412n3aybeusedtodetenninetissuequality. Ihe probe 410 may be 
used to detemune features and then the penetratbg m^nber 412 feed to create the tissue 
wound. In another embodiment, a coaxially mounted movable probe (.lidable over the 
penetrating member) may be advanced to determine tissue quality. 

^«°°«>«ra«Pectofthepresentinvention,penetrationdq,thmaybeco^^^^ 
) ;^»^^»»^decelerationpowermoduIat5on.Penet^tiondg,thofanelecfr^^^^ 
actuated penetrating member device is controlled by modulating the speed and 
deceleration power. I» other embodiments, the methodology was to accelerate the 
penetrating member to a constant speed and control depth by adjusting the point along 
thepenefrating me«b^ trajectory where braking began. This cmrent embodhnent of the 
niethod takes advantage of the ability to modulate the amount of braking power appUed 
as well as the ability to modulate penptratrng member speed to control penetration depth. 
Penetratmg manber speed has also been studied and optimized for each depth setting. 
Varymg the braking power provides a still lurther variable which may be adjusted to • 
provideimpiovedpenetrationdepthcontrol. It may also allow for more variety in 
velocity profiles used with actuating the penetrating member. 

Refemng to Figure 13, as a nonlimiting example, being able to increase the 
brakmg fon:e allows a user to increase penetration velocity and maintain that velocity for 
a longer period of time in the tissue and then bring the penetrating member to a stop a the 
desired dq,a in other embodiments as sec. in Figure 14. it may be desirable to brake 
slowly over a greater distance and thus provide a soft stop, h a yet further embodiment 
as seen inFigure 15. the braking foroe may be modulated to be any combination of the 
above such as but not limited to an initial hard braking followed by a period of soft 
brakmg to bnng the penetrating member to a controlled stop. It should be undei^tood 
that any combination of the above hard and soft braking may be used. Variation in 

brafangforcealsoprovidesanadditionalvariableduringfeedbackcontrolsuchthat - " 
posihon of the penetrating m^ber as it nears a desired depth may be braked with more 
force so that the p^etrating member stops at the desired depth. It should be understood 
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that the above may be used.wifh an electronic lancing device as disclosed in U.S. Patent 
Application Attorney Docket No. 38187-2551US. The braking force control may be 
adapted for use with a processor. Ihe braking force control may be used with a multiple 
penetrating member device such as that disclosed in U.S. Patent Application Attorney 

5 Docket No. 38187-2657. 

Referring now to Figure 1 6, a schematic representation of the reperfusion ojf skin 
after impact with a tent and hold motion profile is shown. This figure is not to scale, and 

• » • 

does not describe depth. This is a top down schematic view onto the skin or tissue. 
Penetrating member strikes perpendicularly to the sldn in area A. Blood is initially 
10 iforced out to an area D. Blood will quickly return from D to C as the skin settles after, 
the shock of impact. Tent and hold allows blood reperfusion fiom C to B and is due to 

♦ * * 

the delayed deformation of the skin tissue immediately around A, unloading the 
peripheral skin tissue vasculature. The vasculature also fimctions as a pressure system, 
forcing blood towards the penetrating member after a delay that is related to the force of 

1 5 impact. This pressuring is onje factor in increasing spontaneous blood generation. 

Refeiring now to Figure 17, two components of retraction profile are shown: As 
a nonlimiting example, reference letter A shows a "hold-to-neutral" position or range - 
when skin-penetrating member interface migrates together, and the skin settles naturally 
after the impact force tents the tissue. Perfusion acts as three-dimensional fimction of the 

20 pressure. Pressure distribution and perfusion is cone-shaped, as illustrated by the blue 
triangle below. Reference letter B shows neutral to exit position or range where the 
actuator retracts the penetrating member from the skin. 

Referring now to Figure 1 8, a high resoKition image of the penetrating member 
and skin interface is shown. Specifically, the figure shows a "hold-to-neutral" phase- 

25 when skin-penetrating member interface migrate together. 

Referring now to Figure 1 9, a high-resolution optical image of skin relaxation 
"Natural Settling" vsdth skin relaxing unimpeded by penetrating member. 

hi some embodiment, a tent and hold profile 1 at 2,6 ms may be used. A tent and 
hold profile l*at 6.6 ms is used in some embodiments. Primary visible skin buckling has 

30 broadened, and proximal edge of the wound channel has* slid up the penetrating member 
shaft. A tent and Hold profile 2 at 3.9 ms is shown. Other experiment parameters are held 
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but the sliding IS more obvious. 
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hold time is longer than about 1 second may introduce a deleterious physical reaction 
j&om the patioat or unnecessary pain. It may also use more power from the motor to 
maintain the position of the penetrating member for an extended period of time. 

Some advantages of a "Hent-and-hold" motion profile or trajectory wavefo^ 

5 include: 

1. Integrity of the wound channel by decreasing the effect of distension in the 
wound channel. The viscoelastidty of the skin may allow for a momentary tissue 
deflection that would rebound immediately after the penetratmg member^as retracted. 
A tent and hold lancing profile may counteract this natural property of the skin. This 

1 0 behavior can be directly observed when the penetratmg member is held for greater than 
200 microseconds. The skin will sKde up the penetrating manber shaft as the coUagcai 
matrix in the stratum reticulare layer inelastically deforms. The penetrating member 
continues to cut, but only as a result of the relaxation of the surrounding tissue. This 

deformation during the hold happens radially as well as axially to the penetrating 

. ■ ■ .* 

1 5 member shaft. With tissue compressed more evenly around the lanced area, the resulting 
wound maintains it shape longer before it coU^ses into a thin line, which may resist 
bipod spontaneously rising to the surface. 

2. A limited amount of pinching and subis^ent bindmg of the venuoles (at 
deeper lancing depths) by surrounding tissue at the target depth. In one nonliraiting 

20 example, a strike with the best yield would involve the larger venuoles at higher depths 
filling the chamel with blood As the blood moves with the retracting penetrating 
member up the channel, the inside of the channel is coated with blood, allowing the 
blood in smaller venuoles with higher pressures to overcome tp use the advantage of the 
bloods natural surface tension to lower the pressure threshold that would prevent blood 

25 spontaneously coming to the surface. The momentum that a well-executed tent and hold 
with an appropriate refraction rate would build in the lancing channel not only decreases 

♦ ■ 

the number of sticks or lancing events with no spontaneous blood, but decrease the 
number of spontaneous sticks that are spontaneous but would require nailking of the 
finger to gather a sufficient sample. This increase in the yield/depth ratio would thereby 
30 reduce pain/yield, as an opthnal retraction speed profile would reduce the depth 
sufficient to gather a sufficient sample. 
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entry velocity, m portion 502 is for velodty (m thd iwthdraw 

member from the tissue. 

Refening now to Figure 22B, another embodiment of the. velocity profile is 
shown. intbisembodiment,theprofileischaracterizeda8a-Wanddampedhol^^ 

where sufficient force is apphed to the peneirating m^er to aUow it to move 
retrogiade, bnt at a velocity slower than that which it wpnld m 

applied and the skin or tissue naturally relaxes. . .Ilie damped hold ovar region 502 may 
occwatacontroUedrate. Afler1hisdampedhold,thepenetratingm«nbermaybe 

backed out of the skin at reduced velocity as indicated by 502. 

Referring now to Figure 22C, yet another embodiment of a velocity waveform is 
shown. Figure 22C shows an embodiment where there is a hold period 500. after which 
thepenetratmgmemberiswithdrawnusingasteppedivithdrawa^^ Inonenonlimiting 
example, the steps occur so that the average withdrawal speed is less that the average 
pa,etrath.g member inbound speed. The stepped canfiguration may provide more time 
for collagen in the skin to form around the shaft of the penelratmg member dming each 
^thdrawal motion so that the wound shape and patentness of the womid chamiel may be 
maintained more easily (temporarily) by the collagen. This allows body fluid to more 
easily follow the wound tract created by the penetrating member so that the fluid can 
reach the surface. TTie steps may be at various spacings such as but not limited to about 
50ms per step. 75ms per step. 100ms per step, or other step times as desired. 

Referring noW to Figure 22D, a still finlher embodiment of the waveform is 
shown. Figure22Dshowsapn,filewheretheholdperiod5p0isofanextendedtime. 

This may allow the collagen to form about the penetrating member to help maintain the 
patentencyof the wound channel. After a selectable amount oftime, the penetrating 
member iuay be backed out of the skin as indicated by 5 12. Ihe embodiment shown m 
Figure 22D has the pull out occurring at an average velocity greater than that of the 
average inbound penetrating member velocity. In one embodiment, the overaU time that 
thepenetratingmember is in the tissue may be about 500 ms. In other embodiments, the 
overaU time & tissue or skin may be about 450ms. 400ms. 350rns. 300ms, 250ms. 
200ms. 150ms, 100ms, 75ms, 50ms. 25ms, 20ms. or 15ms. These number may be 
applicable to any of the velocity profiled disclosed herein or in flie profiles shown in U.S. 
Patent Application Ser. No. 10/127,395 (Attorney Docket 38187-2551). 
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Figure 23 diows an embodiment where it skom be understood the penetrating 
member velocity may be increased or decreased or maintained based on various decision 
pomts along the velocity trajectory. Further disclosure can be found in comnronly 

5 38187-2664)ffledAp„i21.2003,andluIlyincorporatedhereinbyreference 

ReferringnowtoFigure24.a^.Uiurtherembodiment.acontro]lerma^ 
a«:ount for pressure from applying a front end of the body fluid sampling device to the 
skm or tissue. The effect of front endpressure and s^hing are discussed in US 
Patent No. 6.306.152 fully incorporated herein by reference. Stretching from the front 
oid^ay mfhrence the amount of tenting Of the underlying ti^^ 

the fronted 560 may have an aperture sized ofabout 4.5 mm. The aperture may be 
varied in size from annular rin& square, triangular, polygonal, hexagonal, or other 

sh^ed. in one embodiment, th, front end 560 may be movable into the 
inF.g^25. ^efrontend560.whendepressed,i„ayconfiguredtoonlyprovidea 
selectedamount6fforce.thusmalcingthet«,tingquahtyofthesld^ . 
m other embodiments, a pr^ transducer 562 may be coupled to the front end n,e 
measurements from the pre^e transducer 562 may be used by the controller 564 to 
adjust the tenting adjustment. Various adjustment amounts may be stored in a lookup 

tablemthe device. Thepressure transducer 562 may also beused during calibrations 
m^ent of the tenhng T so that it will be record^ and ac«u^^ 
wath the device do not occur at the same pressure. The tenting amount T may be 
adjusted based on the pressur. used during the original measurement and the amount 
bemg applied during the current lancing. 

> a still iurther embodiment of the present invention, a riiethod for accuiBte 
control ofpenetratingmember depth wiUbediscussed. Referring now to Figure 26 the 
mvention clahns that the hne depths may be consistently obtained for a desired depO. by 
^crngtothedesir^ddepthneglectingten^^^^ ^ one embodiment, afrer this first d J 
530 IS achieved, the drive is turned off and sldn or other tissue is allowed to relax until it 

hasaneutralor'Wteuted'-asshowninFigurenandperpreviouslydescribedin 

commonlyassigned,copendingU.S.PatentApplication(AltonieyDocketNo 38187 
2551) filed April 19.2002. and incorporated herem by reference. InFigure 14. this 
position is shoivn at position 532. 
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After the sim or other tissue relaxes, the difference behveen tbe^^d 
penetration to position 530 and the relaxed position 532 may be measured so that the 
amount of tenting T for this stick or lancing event is known. Now the actual penetration 
• or depth in ]toe skin or tissue may be calculated and a new target depth may be calculated 

5 by adding the tenting distance T to the target depth to yield a new target depth that now 
compensates for the amount of tenting (assraning the position 530 rqjresehted t^^ 

desired depth of penetration mto tissue. In one embodiment, the engine or penetrating 
member driver that actuates the penetrating member is reengaged to achieve ttie new 
target depth which includes the distance to compensate for tentmg. This process is 
10 relatively fast such as but not limited to under about 50 ms, so that it appears and feels 

■ 

like one operation to the user or patient 

to other embodiments, once the tenting T is calculated, the tenting amount T may 

be used for subsequent lancing events. A penetratmg member cdntroller (not shown) 
may include or be coupled to memory that will store this tenting distance. Thus, 

1 5 subsequent lancing events may be configured to account for the tenting distance on the 
first inbound stroke and Achieve a deared depth without necessarily usmg a true depth 
type penetration stroke on each lancing event Thus the depth for penetrating member 
penetration will indude a desired depth D and flie tenting T. The calculation of tenting T 
may be initiated on a first lancing event by the user and on any subsequent lancing 

20 events as desired by the user for recalihration of tenting purposes, to still fiirther 

embodiments, the tenting distance T may also be adjusted by a certain amount (such as 
but not limited to.±l%, ±2%, ±3%. ±4%. ±5%, ±6%, ±7%, ±8%, ±9%. ±10%,. or more) 
based on the time of day and hydration pattern ofthe user or patient A lookup t£ible 
containing different tenting distances T may also be used to pick off tiie desired amount 
25 of tenting compensation based on a number of variables such as but not limited to: time 
of day, hydration, age of patient, or other patient information. 

to some embodiments, tiie penetrating member on the mbonnd path penetrates 

into the tissue during the tenting measurement to other embodiments, the peneti^ting 
member does hot fiilly pierce tiie patient while gathering mformation of tenting distance. 

30 Referring now to Figure 27 and 28, finrther embodiments of Uie present invention 

will now be described. These embodiments relate to modifications for tiie electinonic 
drive mechanisms used with the presoat invention. 
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Solenoid Study 

The objective of the soleaoid study is to further understand its opmtion and to 
look for techniques to further enhance the force capaWHty. Tb, existing solenoid desi«, 

results inaverynon linear forcep«,fi,e.a„dinaUchanges we arelookingto increase ft^ 

overall force while improving the low points in the achievabie force. 
2.1.1 Disk Thickness 

Several modeling njnsw^e conducted to study the effect of increasing the • 
thickness of the coil disks on the peak coil force. It is thought that the disks a,^ in 
saturation at theinner diameter, l^^erefbre increasing the thickness of the disk reduces 
the saturated diameter of the disk, concentrating the coil flux closer to the centre This 

increases the available force when the slug is away fiom the disk but has little effect as 
the stag approaches the disk, resulting in htUe change to the low points in the force 
profile. 

^'^'^''fl^^^^nxbodiments.additionalworkwasdonelookmgatte^^^ 
other methods of thickening the disk without compromisbgcoil volume: From this it 
was seen that the shag force, is greatly reduced once the fiont face of the sbg enters the 
Ask. m one embodiment, a 0.3mm disk offei. a good compromise between force and 
avail^le coil vohrme without introducing flat (near zero force) pomts in a single coil 
energization curve. 

* 

20 2.1.2 Slug Dimensions 

Several modeling runs were conducted to study the effect of varying the length 
and the and outer diameter of the slug on the peak coil force. . Ih one «nbodimeht 

rtwasfoundthatincreasingthesluglengthwasbenefcial,sothiswassetat4 87mm . ' 
Tb^ was also a significant and increasing relationship between out^ diameter and peak 
force - ,t was decided to settle on a slug OD of 3.6mm in one embodiment. Over the 
range modeled, the effect of var^g iruier diamete. was negligible, although slug mass 
was decreased. 

Theabovetableshowstheeffectsofincreasingtheslugdimensions. Ihelatter 
results from El pf 2 - 3mm are extrapolated from the results and show the most 
promising increase in force available. This force is shown in tenns of the Accelei^tion 
factor, i.e. the abihty of the solenoid to accelerate the Total Carriage Mass; 
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From these results we estimate that some controlling factors are the Slug End 
Area relating to the afea available for the flux lines to act upon and the acceleration 
factor. Assuming this is coirect, in one ambocKment, the desired dimensions for 
incareased force are an OD of 3.6mm with an ID of between 2.6 and 2.8mm to match to 
5 the existing end area at an OD of 2.4mm 
2.2 Split Slug ' . 

In one embodiment, the concept behind the spht slug was to even out the force 
profile over the whole slug throw by firing two coils sminltaneously, whilst aisuring that 
when one slug is in an active force region, the other is pn>ducing no force and vice v^^^^ 
10 This route was particularly interesting as a way of linearising the force 

2.2.1 Split Slug - testing 

In order to test the theoretical force curves, two pairs of metal slugs were made. 
One set was 2.53mm long and the other set 2.33mm. These sets were slid onto the end 
of metal wire with a spacer between the pairs to set the coil pitch at 3.28mm. This 
1 5 spacer dimension was based on the simulation data suggesting an optimum gap of 1 .41 x 

■ - • 

. coil pitch. 

M one embodiment, a static test was parfonned - the force applied to the slug 
assembly by a single active coil at several fixed portions through the coil was nieasure^ 

The end of the slug assembly was attached to a 600g load ceU, and the coil was attached 

.20 to a track that allowed the slug to be accurately positioned within the solenoid. A 15.6A 
constant cuixent supply was applied to the coil for a duration that allowed the force 

applied to load cell to stabilize. (35nis).. 

In one embodiment, starting with the back edge of the slug iQat with the back 
edge of the solenoid "zero positjon", the slug was moved in 0.2mm increments through 
25 the solenoid; this allowed a force profile for the slug and solenoid td be recorded. 
Profiles were recorded for the 2.53mm pair of slugs, 2.33nmi pair of slugs, and 

« * • 

individual slugs at 2.53mm and 2.33mm. 

hi one embodiment, the static test force profiles for the split slugs can be 

compared to flie results fi^om a previous static test done on a full-lengOi single slug as can 
30 be seen in Figure 28 which illustrates a split slug force profile. A fiiU length 4.87mm 
slug generated 1 .5N. The peak force for a 2.33mm slug was 0.92N. The peak force for a 
2.53nun slug was 0.96N. The force on a split slug completely changed direction in 
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0,8nnn fiom peak to trough. At the overlap of coil influence a maximum of less than 
. 0. IN could be appUed to the slug in either direction. 

to some embodiments, by going to a sph t shig design, the drop in the dveraM 

■foice available was rignificant. The peaks and troughs in force are still large enou^ to 
5. makeitdifBculttoassumeaneffectivelinearcontrolstrategy. The large drop in force is 
likely due to plate saturation. Ibe plates closest to the active coil saturate When ,tumed 
on and the magnetic field extends to include the ne;.t set of plates, the smaller slugs are 
too smaU to make effective use of the force provided from these more distant plates. 
2.3 Electrical Improvemetos 

10 ^""^^"^di^'ent. the main aq,ect of the electrical systbn is thepow^ 

. and theFET drive. This system takes up considerable space as large capacitors are used 
to supply sufficient energy to the splenoid. 
2.3.1 High Voltage Drive 

Referring now to Figure 29. in one embodiment, the cmrent power supply is 
based aromu! a 15.5V boost coBverter using 20V rated EETs and 1 6V rated electrolytic 
capacitors. By mcreasing the voltage which the boost converter supplies, the energy 
stored in the capacitors is significanOy improved in accordance with the equation: 
En«gy=J4CV^. Ahighervoltagesyslemwouldusediffere^tcapacitorsandtransistois. 

but the capacitance used to achieve equivalent energy storage would be greatly reduced 
0 and consequently the size of the capacitors. 

Approach 

fa one embodiment, the next common voltage range of capacitors above 16V is 
35V and therefore it was decided to test a 30V system using an equival«,t energy 

c^adty to 13600MF at 15.5V which is approx. 3300mF at 30v' In addition the FETs 
) tested were dual FET packages rated 55V -Part.No. 1RF7341 

In one embodiment, a test were devised to give a comparison of available force 
between the 15.5V and 30V syst«ns. Static tests could not be used to obtain a force 
profile for the higher voltage system, as a steady supply that could provide the desired 
enwgy to die system could not be acquired. A dynamic test was seen as the best 
alternative and most accmate measure of perfonnance for a 30V system. 

In one embodiment, the coil was placed vertically so that fte slug could be fired 
irpwards to reduce the effects of fiiction in the system. The slug assembly's weight was 
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adjusted so that it was exacUy Ig, this enabled the slug to be fired at a slower speeds 
which reduced encoder noise. A logic analyser ruiming at lOOMhz was attached to the 
output of the optical encoder in order to log the time at which encoder edge inputs 
occurred. The slug was moved so that its back edge was flat with the rear of the solenoid 

"z«o position" (see Figure 30). 

First - the central coil was pulsed at lOOjis to 1500^8 at 100ns intervals to check 

that the accelCTation profile was indqpeodait of pulse length. 

Second - the starting positionfor the shig was raised through the coil at 0.5nim 
intervals to 2.5nnn and the central coil was fired for .1200ns at each of these positions. 

Finally - iii one embodiment, the extra weight on the slug assembly was removed 
(making the weight 0.28g), this was in order to get a speed comparison to previous tests 
performed at 1 5.5V. The slug was moved so that its back edge was flat with the rear of 
the solenoid and the central coil was fired for 1200iis. 

During all of the tests at 30V, the current that could be drawn to charge the 

csqiacitors was limited to 0.1 A (02A was aflowed for all previous experiments at 15.5V). 
For a given starting point all pulses accelerated the slug along the same acceleration 
profile. Figure 31 shows the speed traces for different pulse lengths in jiSeconds. 

In one embodiment, by incrementing the start position of the shig towards the 
active coil, the acceleration of the slug appears to increase. The noise in the system 
means accurate measurement of the discrepancies between the acceleration is virtuaDy 
impossible. However, it was possible to calculate the average force over a broad section 
of the force profile by using the maximum speed achieved and the associated time to 
obtain an average acceleration value. The mass Was then divided in to obtam the force. 
The noisy position data was not significant over large displacements and therefore an 
average force within those displacements could be calculated using the data shown in 
Figure 31. 

In one embodiment, by removing the extra weight from the stag and firing it 
from the zero position with tiie middle coil the slug reached a maximum speed of 
15.5m/s. Thfeenergy in the 3300nF capacitor with a limited O.IA supply was snffideht 
to accelerate the slug assembly to 15.5m/s and then decelerate the slug to a complete stop 
without any deterioration in the acceleration profile. The lower voltage system showed 
some deterioration in acceleration during the brakmg section of an equivalent test. 
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7T>e acceleiation profile is independent of the pulse length. The fwce on the slug 
has been increased significantly with no detrimental effects observed. 11ns has be^ 
done with, the use of smaller capacitors as highlighted by the lower mass expeiinents 
•me average force produced by the 30V system was 6.6N compared to an average force 
of3.7Nforthe 15.5V system. The clear advantages ofthis approach are: 

Smaller capacitors 

Higherforces, giviiig faster acceleration /deceleration, higher speeds a^ 
mcreased ability to pull out, push in static / standing forces 

Increased magnetic field influence (potentiaUy fewer coils used) 
2.3.2 Recommended next steps - Electronics optimisation 

• Changethel5.5VPSUrailtoa30Vrailandchangethecapacitorsizeto 
SSOOrnfl 

A possible fiorther avenue of exploration is to measure PSU en^gy use 
duriBg the complete firing cycle and use these results to set the absolute minimum size of 
15 the capacitor. 

Redesign of the boost converter using a transfonner to optimise the 
efBciency of the convQter at this higher voltage. 

A new rig is cmrenfly being designed in order to obtain the higher positional 
resolution n^ed to gain an accurate force profile. 

3 Control System Development 
3.1 Objective 

The launcher system technical objectives include: 
accelerating to a speed of at least 4in/s. 

achieving a positional accuracy on stopping of +/- 0.05mm at any set 
25 depth betweoi 0.5 and 3.5mm 

retracting torn the skin under control at slow speed 

The objectives of this part of the work were to create a model to test control 
algorithms for the system and to create and test the models over a wide range of 
conditions. ^ 

3.2 Approach 
3.2.1 ModeUing environment 
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One embodiment of the launcher system was modelled in Matlab / Simulink. 
Matlab is a numerical modelling environment able to manipnlate and compute 
mathematical models based on matrices. It is both command-line and script driven. 
Simulink is an extension to Matlab. It is a graphical environment which allows dynamic 
system modelling using the notation and conventions of control system block diagram 
models. Models are defined, initialised and then a simulation of their dynamic behaviour 
is run over a specified time sequence. Using Matlab scripts, multiple model runs were 
executed enablmg fast analysis of model sensitivity to variables. 

3.2.2 Model composition 

The Simulink model oreated is in two parts: 

the controller, which runs the control system software. This handles all 

phases of the launch and retract cycle 

the test shell, which is a model of selected physical features of the 
launcher and the electronic injput / output system, essential fortesting the controller. 

Referring now to Figure 33, one embodiment of a launcher system model is 
shown. The approach was modular and iterative - the different system functions of 
sampling, controllmg speed, timing the coil current were split so that each could be 
improved in isolation. The components of the model are shown in Figure 7. During the 
develcpment of the model, some fiuther decisions on implementation were taken - 
chiefly on the PWM / Coil drive system. 

The controller has two parts - the state controller and the dynamics controller. 
The state controller is designed to execute the whole launch cycle - acceleration, 
braking, thm slow and fast retraction. The dynamics controller deals with adjustments to 
the coils to achieve control of the carriage. 

The test shell and the controller were both initiaUsed firom a Matlab script winch 
sets up global constants for the current simulation run. During the run, simulation data is 
output to Matlab where it can be stored and later analysed. The main focus of work 
during development was on achieving a tight positional accuracy on insertion. 

3.2.3 Jleahsm 

■* 

In operation, the launcher electronic system has many interactions but- the system 
elements with the biggest impact on the control algorithm are: 

the encoder 



wo 2004/107964 



PCTAJS2004/0i8J32 



39 

the technique used to drive the coils 
the coil$ themselves. 

The some characteristics of the launcher system which were used in the model 
are tabulated here: 




32 A Implementabihty 

In order to be fit to implement in a low-end microcontroller, the control algorithm 
must be constructed fi^om a hmited set of mathematical operations and run at a speed, 
which will fit within its computational capability. In outUne, the mathematical functions 
that will be used are: 

• • 16Tbit fixed point add /subtract 

1 6-bit fixed point multiply/divide 
Lookup table. 

During this phase of testing, m 32-bit floating-point arithmetic was used. 
,3.2.5 Force Control -Pulse width modulation and coil fuing 
To achieve control over the level of coil force developed, themodel contains a 
PWM module. ITiis pulses cuiretot to the coils in time slots of 5Qms. Within this period. 
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the time resolution was 8 bits, giving 256 selectable firing durations. Avaraged over the 
PWM period, this gives direct control of the average force. 

Referring now to Figure 34, a 5 Coils Force Profile is shown. 

A simple rule was needed to decide wWch coil to fire during the cycle. Static 
5 force tests on the solenoids provided a force - distance profile (see Figure 34). The 
controller was programmed to use the following simple sAvitching rule: 

In this embodiment, at all positions, select the coil that will generate the greatest 

force. 

-. 

This rule was encoded in 2 tables of 4-elements containing the switchover points 

' ■ * • ' ' ' 

10 for the 5coils for insertion and retraction. Because of the modular approacl^ the coil was 
treated as an instantly responding actuator. This means that other combinations of coil 
switching e.g. 2 coils at once can be employed within this module withont affecting the 
architecture of the system. 

3.3 Control Techniques studied 
15 The physical system (plant) under control is a moving mass system with almost 

instantaneous direct control of the applied force. The only plant information is the 
position of the carriage. Two techniques were studied to achieve positional control. 
3.3.1 Acceleration-based 

In one embodiment, acceleration wais measured by differentiating the position 
20 signal twice, and averaging this signal over the PWM period. This smoothed value was 
used as an input to a simple proportional controller, employing no integral or derivative 
action - see Figure 35. The output was fed to the PWM module as a time demand - 
which is translated to a force as described above. The resuhs of this processing were 
favourable. 

25 As seen m Figure 35, a portion of the control algorithm - Acceleration control, is 

shown. 

In this algorithm, the throttle is a logic signal, and the PWM demand is evaluated 
when triggered every PWM peridd (50ms). The PWM demand is a smoothed version of 
the acceleratidn error as the sum takes inputs from both the current and previous PWM 
30 periods. There are three model parametors - the constant PWM value and the two gain 
Figures. 
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^^'^-t^-^aJe was to create a servo system wMch would r^^^^^ 
adjustangthecoilforceinresponsetoanygivenaccelerationde.^^^^ Ifthi,^J 

possible, velocity and position could be controlled accor.teJy as a result TT,^ 
. --^-ti-^-andsaresetacpordingtoastatecontrollerwhichn^ 
5 retract cycle and is common to aU the models discussed here, 
^^"'-^--suringtheaccel^^^^^ 
fo.ed^,«,.,„^„„3,^^^.^ l^eaccelerationcontrpller'sreasoni.rbeing 
and Its mam enror input is the variation in coil force caused by the solenoid. 
. ^ ^^'^^^^'''^-^^fo-vardJooldng condition was then use^ 
.10 ^^g- ^eresultsoftestingthisalgorithmc^beseeninFi^ 

d«dmHgure44. A. > of the correct operation of this algorithm is U,e variation 
^ PWM duty cycle in s^athy to v^a.on in the coil force. wl.ch can be seea Sof 

dependent. also failed to use the maximum force regions of^e coils to i^Hadvantag! 
15 ---^twastargetinganaccele^tionv^ewhichwasachievablee^^ 
force region. ™s was quite unsatisfactory as a hard braking method 
FoUowing imtial testing of this algorithm it was dedded to f^ 

control algorithm, acceleration control algoridnn was not tested with later modeT 
enhancements. 

20 3.3.2 Energy based 

^ ^^^^^^^ 

aekmehc awgy, which it to at Uieskin mtiypoiiit 

. ^ "-'"•^ a h«ldn6pz„ffle^«^ 

f»™ With e™.,e,c3i.i». th. „r,hi» «. th. c^riage is ,„ deceie^te i. 

**"''l^-pe™,™taU,, is stated, and part ofth. 000,,^^ 

•n«e .n>p™,a.,,,„anli,i«arc,i<,w i,lroducrf. Ttasearasho^ „„ Hg^ 37. 

,h«,.' ., "'""'^'^"'l-*^ ''-asiven^^gyse.poit.t.itistaK,™ 
what the CI f<^ a„d thetefot, th. d<»= hy the coil, wiu he. th^^, 



wo 2004/107964 PCTAJS2004/dl8132 



42 



The work done on the carriage by the skin is also known. By adding these togeflier, the 
total work done on thecarriage is calculated. Therefore, the idealized profile of carriage 
kinetic energy against distance can be calculated for thq braking phase. This is used as : 
the set point profile for control. Assuming there are no errors in the prediction of force 
5 on the carriage, this is the profile the carriage wiU follow when braked at the energy set- 
point with no intervention fiom the controller. 

• The total work available to brake the carriage from the skin + the coils. 

■ 

This is all the work that can be done on the carriage as it travels to the desired skin depth. 

It is also the profile which the carriage would follow under the action of 1 00% coil 
10 braking and skin force. This defines the control envelope - if the carriage kinetic energy 

departs outside this curve, it is certain to overshoot the stopping point 

The difference between the energy setrpoint and the.total work available 

is the energy margin; This spare work is used to correct for errors between the actual 

speed and the set speed. 
1 5 In principle, to obtain a high level of braking, a small level of energy margm is 

used. To compensate for a large level of errors, a larger ^ergy margin is used. The 

trade-off between the two can be reduced by improving the perfbimance of the m-built 

• • . ♦ 

control system. A diagram of the energy control algorithm is shown in Figure 38. 

Refening now to Figure 38, another portion of the control algorithm - enerjgy 
20 control, will now be described. Li this embodiment, this algorifem is continuously 
evaluated. A lookup table is used to read the current Figure for "braking work". The 
"skin work"* is pre-calculated by a formula based on skm depth and is also stored m a 

lookup table. The energy set profile is calculated from the sum of skin work and brakmg 
work (scaled). The error (energy error) produced by subtracting this from the carriage 
25 kinetic energy is then scaled by a gain and modifies the fixed PWM value. 

The main error source which the controller acts on is the error between the 
predicted force -distance relationship of the skin and its actual value, together with the 
associated variation (skin noise). This is therefore one of the main testing usements. 
hnplanentation - data storage 
.30 In order to use the concept of a dynamic energy set profile as an input to the 

controller, the. carriage force profile needs to be stored. This is more sophisticated and 
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data intensive tban apceleration control. Even so, 0.1mm resolution can be achieved tb 
4.0ihm depth with only 40 stored values. 

Follovidng initial tesUngi the pCTformance of the energy-based control sta^ 

was promising. In some embodinaents, the positional error on stt^ing was between - 
5 0.5nun and -0.15mm. 

After some testing of different methods for calculating the energy set profBe, it 
was decided to use the following formula to calculate it: 

1 . Take the estimated work available from the skin &om entry to stopping 

point 

2. Add in the work available from coil braking, scaled for the energy set 

point 

3.4 Sensitivity Study , 

The control approach described above is data-intensive. There are several 
parameters, which affect the perfonnanceofthe model to varying deg^^ An 
1 5 illustration of the variables within each module and the extent to which they are under 
control is shown in Figure 39. During the course of this study, it was desired to test the 
effect of variation in the important factors below to ascertain the level to which they 
affect system performance. Fortunately, the models can be run repeatedly to investigate 
these variables over a range of values. During the sensitivity testing, roughly 100 
20 simulation runs with different parameters have been completed. 

Referring now to Figure 39, the nature of the module variables will now be 
described, The effect of each of the parameters highlighted in bold above on stopping 
accuracy has been checked. It was decided that the level of launcher friction was so low. 
as to be insignificant in comparison to the other active forces (coil and skin force) and 
5 that therefore this was not essential to the model. 
Encoder noise 

In one embodiment, positional noise from the encoder affects velocity and 
acceleration measurements. The effect was characterised experimentally. From 
experimental data, thfe standard deviation of this noise was found to be +/-.lmm. The 
noise component of this signal was added into the model as an error signal. The effect 
on the velocity measurement can be seen in Figure 1 - a noise signal is created. 
Throughout modelling, a value of 1mm was selected. The limit on encoder noise beyond 
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which positional colitrol was significantly degraded was 2inm. A more complete graph 

* ■ ' , , • 

of this effect is shown in Figure 40. 
Coil force measurement 

» ■ 

In one embodiment, the controller braking profile is based on measurements of 
5 the coil force conducted in a static force test. The effect of variations in these forces was 
studied and the result is shown in Figure 40. For the tests shown in this Figure, the 
predicted coil peak force was 4N. The actual coil force was varied from 2 to 6N. As can 
be seen, the effect of underestimating coil force is much less critical than that of 
overestimating it. The stopping accuracy was generally within 0. 1 mm of the desired 
10 stopping point, except at low levels of actual coil force, hi that case, overshooting was 
more serious, at up to 0.3mm at 3iimi set depths 
Skin Entry Speed 

In one embodiment, the skin entry speed v^as targeted so that during braking, the 
carriage kinetic energy would converge with and run down the pre-programmed profile. 
1 5 Because of the fact that increased skin penetration depth brings more energy available 
from the coils to stop, this naturally means that the deeper the stopping point, the faster 
the entry speed. 

This way of targeting skin entry speed is not optimised for flight time, as the 
carriage could be driven faster in the early part of its flight, then braked before entering 
20 the skin. This refinement is particularly relevant for shallower depths but was not seen 
as usefiil to the set depth accuracy problem. Either side of its velocity set point, the 

braking controll^ has a '.'capture window'* within which it can bring and keep the 

.... • ■ 

velocity under control dining braking. Outside of this window the carriage either ends 
up overshooting, because the energy margin has been used up, or the carriage has 
25 insufGcient momentum to enable it to reach its desired position and it stops short. 

A refinement that could be tested to deal with either of these eventuahties was 
asymmetric gain. 

Coil Usage 

During the frill insertion and retraction cycle, coil 0 alone is used for braking and 
30 acceleration. Because this aspect of the model is fiiUy parametric, the force profile for 
predicted coils and actual coils can be quickly modified and retested when other coil 
layouts are tried. 
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Sauativity to eirats in skin force prediction 

In one embodiment, the algoritlHn inqmjvespositional stoppingp^^^^ 
mckding a prediction ofskin force and hence energy. This estimate was obtained frona 
expenmental data By including this prediction, it introduces sensitivity to that data 
5 Testing was conducted to explore the effects of errors of factors x2 and x J^. m the 

average skin force for comparison with nominal data The results are shown in Figures 
43 and 44 below show these three skin force gain scenarios. 

The graph in Figure 42 is encouraging - it shows the overall perfonnance of the 
. algonthm over a range of set depths and skin force gains. 

' ^^'^^^^^^t depths, the sensitivity ofthepodtional accuracy to enor^ 

force is e^ter than at lower depths. This is to be expected intoitively, as the work done 
by the skm increases as a quadratic function of distance. 

At lower set dq,ths, the entry speed was simply too low to enable the algorithm 
to work effectively. This needs more complete testing and probably a differ^t approach 
for shallow entry. B should be borne in mind that in this testing, the «,ergy control 
concept was only implemented within the skin and not in fiee space. 

One of the best ways counteract errors in skin force prediction is to make the total 
po^ble eiTor small in relation to the coil force, which can be controlled. Tins is done by 
increasmg the coil force. The effect of this can be seen in the earlier.Figure 41 and also 
"iFigure43. The three traces show simulations conducted at the same coil foit^e and 
stopping error was greater when skin force was underestimated (red trace). 

, • In g«°«ral, the contool algorithm involves using a pre-programmed speed 
profile at a fixed coil throttle setting and using what coil force is left to cancel out errors 
arising fiom skin and other forces. 

Studies of sensitivity to errors in predicted skin force, encoder noise and 
to variation in coil force have been conducted and the effects recorded. 

Using a higher force in relation to skin force enables more precise 
positioning to be achieved. 

* ^^*"8 .a peak coil force of3N, insertion positioning to within +/- 0.1mm 
can be achieved over a rmge of set depths from 1 to 3.5mm and over a range of skin - • 
force curves. At lower coil forces, positioning accuracy is degraded, 
Control system Development 
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Control algorithm - Test the idea of using an asynunetric gain on the 
energy error signal during braking. Include a model of the launcher fiiction. Change the 
inethod of calculating the energy set profile for shaUow skin entry. 

• hnpleanentation - Construct a prototype system using MatLab RTW to 
produce real time code to run on MatLab XPC real time PC system. This will allow 
further testing and development of the control algorithm on the real hardware and skin. 

Implementation - Model the system using only 1 6-bit iarithmetic and 
change the energy-based algorithm to a velocity-based one to maintain signal precision. 

hnplementation - Modify the algorithm to operate at the (much slower) 
PWM jfrequency, rath^ than in near real-time. 

• Testing - Test the revised algorithms using a similar test suite as 

described here. 

Experimental / mechanical data - Update the cdl force graphs and 
dimensional parameters for the latest mechanical layout 
4 Position Sensors - LVDT 

In one embodiment, a linear variable differential transformer is an alternative to 
the optical encoder as a means of position and speed sensing. In a successful realisation, 
the chief advantages over the optical encpder aire: 

« * 

a higher linear resolution 

a smaller package size and a shape which is easier to integrate 
The ability to provide position updates to the microcontroller on request, 
rather than having an intemipt-driven system, which aids software design. 

Lower cost . . 

The simple basic design of the LYDT is versatile and oflFers a wide scope for 
customisation. LVDTs also offer fast dynamic response, they can make measurements at 
up to 1/1 0 of the driving frequency on the primary winding. For this application, that 
translates into an lability to sense movement at >5Qm/s. Although widely used m 
industrial equipment, they are rarely found m low cost consumer items. The objective 
for this study is to prototype a design and to find an optimal solution for the launcher. 
4.1 Design Issues 

Operating fi-equency Needs to provide positional updates at a rate close to that 
of the current sensor (4-5ms). May be possible to go to 10ms. Assuming an ADC 
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3J«em is ^ a« AI>C oa. sa»^,e sucees^vepaab. a«, fte driving 

to «^ ™^ „ >5(W3.Ti,. li«,u»c. Of a,, ooa drive istaiM bv 

coupling . . ^/ w 

Resolution To match the encoder resoludoh uses 1 024 podtiopal steps- . 
- carnage system. \ 

» 

Packaging Length OQnmi, diameter < 8mm 

System BOM cost, including electronics <$3.oo 
Throw distance 8mm 

Table 2: OntKne LVDT specification 

TheLVDT electromcs is comprised of the following elements: 

Drive circuit For lowcomponent count and design simplicity, it makes 

sense to control the LVDT drive directly from the microcontroller. . 

■ Sense/sampledrcuitMustprovidegainandofisetzeroingandalsothe 
abihty to hold the signal for the ADC. Sanaalso.the 

usemeni 

= Coil parameters 

4.2.1 Coil disposition 

used m . ringlc ended nxKl^ i. . ^ ^ ^ 

«..perd«ig„co„,dbe.«„».pri^„i„,^„^^^^^ 

slug length B the primaiy l„«an. a single secooda,, iengOi 

B, c„.M design of the nnntos of tn™ and dimenaioos of the prim.,^ 

s«on^3o«egainoanbo,chioved^.h,n,heLVDT„i,n„ovo.h.signa.,„„„is, 
ratio of the secondary signals. 

4^.2 Singlecoil 

^^^«^*-"onaUyhavetwocoils,-eachofwhichj^oducesanoutp^ 
lu^early proportional to theposition of the slug. When subtracted, the two voltages 
cncel at a zero position. This removes the effect of air coupling. If thesensing/ 
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sampling circuit can be designed such that the air offset is zeroed then a single secondary 
coil can be used. This would produce significant packaging benefits. 
4^.3 Recommended next steps - LVDT 

Purchase a conmiercial LVDT and develop suitable drive circm 

5 interface to a microcontroller system. 

Referring now to Figure 44, a predictive braking algoritlmi is s^^ 

modeling the penetrating member driver and the tissue to be penetrated, a Vroad map" of 
short is provided to determine when the braking should be applied to achieve a desired 

* • • ^ 

depth. Feedforward systems are described herein and are used in combination with a 
10 lancing device such as that described in commonly assigned copending U.S. Patent 
Application Ser. No. 10/127,395 (Attorney Docket 38187-2551 and 38187-2606), 
Feedback is used in combination with feedfoward. In this.embodiinent, feedforward 
may be used for braking of the penetrating member or more predsely, the slug drivmg 
the penetrating member. The feed forward algorithm may be stored in a processor used 
15 to control the penetrating member driver. Figure 44 shows in detail how the planned 
velocity is used to determine how to reach a desired depth. In one embodiment, the 
entire inbound path is traveled in under IQms, which is faster than most humans can see. 
Hence the need for feedforward to provide a planned velocity so that the accurate depth 
can be reached without lag and/or mstability that may be associated with a feedback only 
20 system. 

As each device is manufactured, each driver may be modeled during 
manufacturing to adjust the model for each driver. In other embodiments, a.standard 
model may be used. 

While the invention has been described and illustrated with reference to certain 
25 particular raibodinients thereof, those skilled in the art wiU appreciate that various 

adaptations, changes, modifications, substitutions, deletions, or additions of procedures 
. and protocols may be made without departing firom the spirit and scope of the invention. 
For example, with any of the above embodiments, the location of the penetrating 
member drive device may be varied, relative to the penetrating members or the cartridge. 
30 With any of the above embodiments, the penetrating member tips may be uncovered 
during actuation (i.e. penetrating members do not pierce the penetrating member 
enclosure or protective foil during launch). With any of the above embodunents, the 
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30 



peneh^tog member, may be a bare penetrating memb^ during Wh. With any of the 

above embodfanents, the penetrating n^embers may be bare penetrating n,^^^ 

IaunchasthismayallowfordgnificanUytighterdendtiesofp«.etratingm fa 
«>"^««™^>°'fi°'««t«.thepenetr,tingmembersmaybebent.curve^ 

5 o^^rwisetreatedataproximalendorareatofadlitatehandlingbyanactnator Thi 
penetratmg member may be configured to have a notch or groove to facilitate coupling to 

agnpper.Thenotchorgroovemaybeformedalonganelongateportionofthe 
penetmtingmember. With any of the above embodim«.ts. the cavity may be on the 
bottomorthetopofthecartridge,,viththegripperontheoth«side. Jhsome 
10 -^-ii-nts.analytedetectingmembersmaybeprintedonthe^to^^ . 
thecavities, front end of the cartridge maybe m contact with a user during lancing 
T^e same driver maybe used for advancing and rehacdon of the penetrating rnen^b^ " 
The penetrating member may have a diameters and length suitable for obtaining the 

blood vohmies described herein. Thepepetratingmemberdriver may also be in 
15 -l^tantiallytbesameplaneasthecartridge. Il,etove.H.ayuseathn>u^ 

opemng to engage aproximal end of a penetrating member to actuate the penetrating 
membea- along a path into and out of the tissue. 

^^'>"««»»«>dimentofthepresentinvention.anLVDTpositionsensorn,o^^ 
wrll now be described. As a nonlimiting example, the LVDT. incorporating the bobbm 
.0 710. pnmary coil, core and secondary coils. Figures 45 and 46 show one embodiment of 
abobbmyiOaccordingtotbepresentinvenUon. The bobbin 710 may inchide a coil 

separator 712. Secondary coils may be wourid over regions 714 and 716 TbcMb 
portion 71 8 may be removed after rnanufacturing to fiother decrease the size of the 

bobbm710. Hie diameter ofthe bobbin 710 may be varied. Hre length is determined by 
. "^ethroughdistanoeandaslightvarianceformagneticeffects. In one embodiment the 
corls are .6 mm wire. Tie layers determines the nmnber of coils. Hre fewer turns used 
Ure less field you get Tire present embodiment may have four layers for the secondary' 
and two for the primary coii. It should be understood that other combinations of layers 
suchastwoan^onemayalsobeused. It is seen that a physical waD 712 is used to 
separate the coils (not shown). This provides for simplified manufacturing. Recoils 
may be wound in a mrifomr manner, in one embodiment. A processor may be used to 
mterpolate the nonlmear output from the coils. Each processor may be cafa-brated to the 
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output to linearize it In further embodiments, a wall 7 12 may be lemovable after the 
coUs are wound In still further embodiments, a clamp may be placed 
during win^&and may be removed after the coiis are wound. 

nie entire Systran may also include coil drive electronics, signal conditioning and 
microconttoller hardw^ and firmware to control the microcontrpller modules and 

process the incoming signal. 

One reason for considCTing the LVDT as a position sensor is because of its 

advantages over ah optical encoder. These break down into advantages for the product 
(the potential for lower cost manufacture and improved packaging), as well as functional, 
advantages for the control system: (high speed, high accuracy on-demand position 

nieasurement). 

Desired Features 

To replace a linear encoder as a poation and speed sensor, the LVDT mod^^^ 
desire to- have at least one of the following: Size - as smaU as possible; stability -the 
encoder module is stable with temperature, so the LVDT should be too; range / 
resohrtion - 20m across the measurement range of 8mm; response time / update 
frequency - 5s / 200kHz; and/or moving mass - as low as possible, to limit the effect on 
carriage ballistics. 

Referring now to Figure 46, a generic system schematic showing the modules and 
their relationships is shown, In one embodiment, for its operation, the module reKes in 
part on the timing relationship between the signal which is used to drive the LVDT 
primary coil, soiirced in this embodiment from a PAVM module, and the sampling time of 
a 1 0-bit ADC. As a nonlimiting example, these may both be integral blocks on board a 
1 6-bit microcontroller. These blocks operate in synchronism, which reduces the need for 
external compptientry. The phase delay is set by internal microcontroUer settings and by 
parameters of the external circuit. ADC samphng time is synchronized with the input 

signal in flie present embodiment 

Figure 48 shows the timing of the signals of interest Figure 49 shows one 
embodiment df the drive electronics which implement tiie coil driv^ and signal 
conditioning. During initial testing, a working frequency for the primary drive circuit 
was chosen in one embodiment which enables the ADC to make one sample for every 
cycle of the LVDT drive signal. By the adjustment of the phase delay, the ADC can be 
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nmde to san«,]e at thepeak Of the secoBdary coil cyde. thereby n^gtt^ 
the available positional resototion. As seen in Figure 48, fte syst^n may nse a square 
waveinput750. AresonantcircuitfflaybeusedtocbnverttWssquarewavek^^ 
sinusoidal wavefonn to drive the priniary coil. In this enAodiment, sa^^^^ 
5 ADCisreIatedtothesquarewaveinput750. It should be understood that a sine wave 
generatormayalsobeusedinsomeembodinients. A certain delay may be used so that, 
the sampling occurs a the optimal point 752 (as seen in Figure 48). 

By synchronizing the timing of the ADC samples to the ddve si^al and by using 
the internal sample and bold circuit, the design of this embodiment avoids the need to 
10 include external rectification or hold circuitry. 

> • 

LVDT Primary coil drive. 

Tlie desires a sine wave to drive the primary coil: this 
exciting a parallel resonant LC circuit with a square wave mput (TlOCAl - Vdiive 
signal). Thisis then amphfied (UIQ to create a lower impedance source for theprimar, 
coil. The LC circuit is adjusted to resonate at the module operating frequency and R3 i 
used to limit the output amplitude. R4 compensates for the primary coil DC impedan 
to prevent output clipping on UlC. 

Coupling and secondary coil signal conditioning 

The voltage ratio of the LVDT is a fimction of the tmns ratio and the geomet^ 
the corls. This is chosen, alongside all the gains in the signal path, to preserve SNR Th. 
secondary coil voltage is fed through a standard high gain differential amplifier (UID) 
before being fed into the ADC. The choice of resistor vahies for UID is driven by the 
need to obtain maximmn gain without loading the LVDT secondary coil or the op-amp 

excessively. The «tire LVDT drive circuit is referenced to a stabilised mid-^^^ 
25 to use the op-amps most effectively. 

ADC convQsion and signal processing 

The thm'ng of the ADC sarnpling and conversion process is shown at the bottom 
of Figure 4. .The ADC is triggered by the TPU, which also supplies the PWM signal It 
samples near the peak of the negative going half-cycle. The ADC voltage reference pin 
Vref. is set-up so that the ADC gives its lull 10-bit resolution over the anticipated 
voltage swing of the amplified LVDT secondary signal at the sampling time. With the 
LVDT optimally set up, this the whole PSU rail voltage. Th^ output from the ADC as 
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the LVDT core was moved over its travel can be seen in Figure 50. A look-up table of 
13 calibration values was used to mcode the ADC counts over a range from 7»50 to 
14.0Qnim., The sampling of the ADC may be increased from 10ms to 7ms- (40kHz) 

■ 

» » * ■ 

dq)ending on the niitax)controller used. 

5 Module Components 

Drive Electronics - Op- Amp circuit 

In one embodnnent, the rail-tp-rail op-amp chosen for the prototype circuit was 
the Na:tional LM824. From the table below^ it was chosen because it is a low cost 

' ' ■ • * . 

device, it has a 3.3V capability, a respectable gin-bandwidth product of 5MHz acceptable 
10^ input offset voltage and output drive capability, whilst offering 4 channels of gain. 

In the three iiistances in which it is used, there are differing requirements. In 
each one current drive capability, and gain bandwidth product are the most important 
, Mid-rail supply- UIB, Coil Drive-UlC 
In both these instances, the closed loop gain is 1, so die greatest requirement is 
15 for ou^ut drive capability! When testing the LVDT #0, the 75R resistor was necessary 
to prevent output clipping. With LVDTs #l-#4, this was reduced to 27R. 
. Secondary Gain -UID 

The op-:amp was set-up to give a closed-loop gain of 1 at 1 OOkHz which is well 
within its gain - bandwidth capability. This op-amp will cope with ZOOkHz testing, and 
20 it may be possible to specify an op-amp with a lower GB W product^ and reduce cost 
further. 

MicipcontroUer hardware ADC / TPU 

The LVDT circuit was prototyped on a Hitachi H8S23 18, running at 2^ 
The operating frequency of the circuit was 1 OOkHz. One of the hmiting factors on this is 
25 theADCconversiontime, which was measured at 5.8s. This conversion rate is slpwewr 
than the Adc on the proposed H8S3694 microcontroller, which is specified at 3 .5s. 

Module performance ' 

In one embodiment, two designs of LVDT were tested. LVDT #0 was a simple 
design with three similar coils adjacent to each other. LVDTs #1 to #4 were made to the 
30 design shown in Figures 45 and 46, with a primary coil running the whole length of the 
coil and 2 secondary coils overwound on each half-section. 

Repeatability 
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Between calihratioiis 
Between coils 

• * . * m 

^ ^ ^ ..own Fi^ S ^ , ^ 

.0 "»*»ood»„as5.82c„»«sa,o%of»ge). ^^U..n^J^ 

Sto« Ibe «,«hani<»j SJ«OT Jjn««es a faown starting referace. a 

15 member positional accuracy. uug 

Temperature Stability 

•^»-^'''"'^«f'^I.VI.T«rf it, drive d„»<„ncs,.u„^ 
™, n.e,^ aao» n^fe l,,,,,^ ^ 

-rfSl, r.g«r«48and4S:LVDT(BC<™bin«lc,m^™.tart-h<,,andoold 
leadn-g.. posMona, i„ ^ ^ 

In one embodiment U>. nwdnnmi «™r in ADC comt mea^red over UK 
•^^e naagc wonid .„ an «„r of 0^ in to wo^ ea^e. lie n>a™ 
25 77". 0.48mm. m of «rc..e,„i,es Inrther 
25 »«»'>"'»"-"«i.becan.«e™™ubeevide.,i„U,eeon,3e„fd,enon^ 

tl» prodnc.. n is dK,ugb. dns ia pansed by closes in to resistano. of to LVOT 
co.t,empe^,„„.,^s.ance changes wifl™ to <^am,« and to a^ . 
es?)ecially the pnmary drive circuit 
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J^esolution 



30 



The resolution of the LVDT module depe«ls on two factors: 
The ADC resolution 
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. The rate of change of output amplitude of the secondaty coil with respect to the 
core position: the higher the betto'. 

For tMs dnbodiment, (he ADC resolution was fixed at 1.0-bits. Within the range ' 
provided by this, the resolution was limited by the maximum signal amplitude which 
5 could be achieved from the secondary coD amplifier. Calibration curves for the first 
prototype LVDT, #0, and for #1- #3 are shown. in figures 51 and 52 below. The usable 
range of the LVDT is highlighted oh each figure. For LVDT 0, figure 7 shows that the 
. raw ADC count changes rapidly with position.between 7 and 14mm offset and this is the 
region where the resolution was highest on this LVDT prototype. Over this range, the 
10 resolution varied betweefn 0.025nun and 0.014mm. Figures 52 and 53: Calibration charts 
- LVDT #0, and LVDTs #1 - #3 (combined) 

To check the effect of counterwinding, one of the secondary coils was wound in 

t 

the opposite sense to aU the other coils. As expected, the effect was the. same as that of 
switching coil polarity, with no change in the amplitude / position relationship. 

15 Physical dimensions 

For one embodiment. Some 2D sketches of the LVDT bobbin are. shown in 
Figures 54 and 55. The overall length is governed by the throw distance and the 
diameter is governed by the minimum achievable wall thicknesses and the number of 
turns wound. The representative outer dimensions OD for this iteration were OD 

20 3.65mm, length 23mm. This would create a packaged Volume of approxunately 

34Qmm3. For the encoder, the volume to be packaged is approximately 1 lOO mm3. In a 
future design iteration, the number of turns wound could be reduced by approximately 

* . - ' 

25% before any detrimental effects were noticed which would fiirther benefit packaging. 
Effect of core size 

* ■ ■ ■ 

25 In one embodiment, a calibration was attempted using an 8mm core, and the 

result was that the level of coupling was decreased but the overall range between 
secondary peaks was unaffected. This suggests that reducing the core length will have 
no beneficial effect in increasing the usable throw distance. It is estimated that this can 
-be reduced by at least 50% in further trials. Li one embodiment, the following 

30 ' ■ ' 
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j Parameter 


LVDT module 1 






fstability 


Coil-to-coil repeatabitit)^ ' \ 
\ 030mm 


1 


Temperature: 0.50mm over 1 
operating temp range and 
Lijggble calibration ranr^f^ 


Kange / 
j Resolution 


i 8mm/20|iin 1 


j Response time j 


On-demand 2001332 / 5ps with 

3694 microcontroller. Tested at j 
lOOkHz/lOns 


1 Moving mass 1 


0.1 63g — — 1 


1 Size r 


34Qmm^ " ' ( 



Coils Parameter 



#0 



#l-#3 



Value 



Z^?!:!^*^^ , 1:1:1 

Primary resistance 



Resolution 



Secondary resistance 



RepeatabiUty 



Range 



Primary resistance 



Secondary resistance 
Repeatability between coils 
Resolution 



Range at this resolution 



I.lohm 
20|nn 



2.1olmi 
029% 



7mm 



1:1:1 
32olun 
34.5 / 34.5 ohm' 

i.ioro 

26pm 
7mm 



I 



wo 2004/J07964 . PCT/US2004/018132 

• * ■ 

56 • 

In yet another embodiment, a solenoid-based actuator has been developed to 
move penetrating members into skin for the purpose of collecting blood for the analysis 
of blood glucose. To reduce pain and improve blood yield, the speed, acceleration, and 
5 position of the actuating solenoid is controlled. In this embodiment, control is provided 
by a processor that monitors the actuation cycle and modulates the eliectrical power to the 
solenoid. Commercially available position transducers (such as Hewlett Packard 
HEDS973 1) are being used to provide actuator position information. . 

In one embodiment, the present invoition consists of a Linear Variable 
10 Differential Position Transducer (LVDT) that has been modified to provide a low profile • 
. design. LVDT's are commonly available such as firom Solartron (704) 86.8-4661 and 
consist of adjacent cylindrically wound coils with a soft iron coupling slug that moves 
inside the coils.. Energy &om an excitation coil is coiqiled into two secondary coils in 
proportion to the slug position within the coils. Available LVDT's are cylindrical so the 
15 height and width are equal. 

Referring now to Figure 1 0, to create a more compact LVDT, in one 
embodiment, the excitation and driven coils could be womd as flat coils and placed next 
to each other in a plane. The moving slug 1 00 would then take the form of a flat plate of 
soft iron that moves in a plane parallel to the coii pl^ne, and close to it. The resulting 
20 transducer 1 02 would be thin relative to its width and would make more efSeient use of 
space. The price for a more compact design would be efficiency of coupling, and 
possibly accuracy. 

One arrangement of coils, as iliustrated in Figure 54, would consist of a large 
rectangular driving coil wound in a flat open shape. Inside the driver coil 104, two 
25 smaller rectangular or square coils 106 would be mounted side-byrside. The slug would 
move along the long axis of the driving coil. Figures 55 and 56 provide views of the 
coil. Specifically, Figure 56 shows the slug removed and the coils 104 and 106 exposed. 

Another arrangement of coils would be similar, with sensing coils inside a 
driving coil, b'ut the coils may be traces etched onto a thin PCB or flex circuit.. Multiple 

* 

30 PCB's and/or flex circuits could be stacked to provide more coil turns. 
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Aa dternate arrangement of tbe dug would consist of a soft ii^ 

meta^fonnedintoa-tT'soastoencIosethecoilsonthreesides. Uns wrap-around slug 
would provide better coupling between the coils at the cost of more n^oving mass 

lnttasembodiment,theprimaiycoilwassuppliedwithl3Amptums ll,e 

5 ««=ondao^ coils have 640 turns each. Ite emf induced in each secondary coil was 
det^mmed at various positions of the c-slug, Irom&lly covering the 2 coils to luUy 

uncpveringthem. 57 below sh^ws the diff^tial between the 2 coils and 

Ihenrsumalso. Tl»e values were obtained at 60 Hz in the primary coil. Ihe sensitivity 
»PP««^ to be about 3 mV/mm, in the linear section ofthesmn curve 
10 J^'^^^Sl'^l-wissimilartotheoneaboveWtthevahaeswereobt^^ 

Hz m the priu^ao^ coil. I1,e sensitivity appears to have increased to 22 rnV/mm, 
linear section. 

In one embodiment, the linear section of the travel appears to be about 3 5 inm 
This can be increased to 8 nun by doubling the .ddth of the secondary coils to 4 mm ' 

each Thenumberofturnsofifaesesecondaryc^ilsisdaternnnedby^ 
and the fineness of the wire used. Hre number of turns and current ir. the primary coil 

can be chosen for the most appropriate match with the available supply to produce the 
necessary amp-tums. 

feoneembodiment,theC-slugwasassi8nedinildsteelformaterial The 
thickness can be ^educed dgmficantly sbce the levels of flux density in the present 
^OSS-section are very low. It is probably sufficient to have a steel sheet on one side of 
the coils only to p^ce the required linear emf curves. lT.e material of 
erther magnetic or non-magnetic, since no effect was seen on the emf values 

^°°«^^*"«°^-Po^tiontransd«cerfordetectingmechamsm«^^^ 
.5 positaonisprovided. ll>e transducer iimctaons by winding flat coDs and placing driver 
and drivo. coils inside each other; coupling coils with a moving flat soft irtm plate 

orfbmungthemovi„gsoftironplatesoitenclosesthecoilsonth«eormoresides n,e 
corlsmaybeceatedbyetchingaPCBorflexcircuit. A position transducer is described 

that worics.on the LVDT principle and is very compact The low-profile form of t^^ 
transducer is achieved by using flat, coplanar coils and a flat coupling slug 
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in one embodiment, the shaft 1 10 may be co:vered wiih a inagnetic layer. Plating 

of magnetic material on the carbon fiber rod would reduce the mass of the slug. Moving 
mass reduction will allow for improved acceleration. 

Referring now to Figure 59, a still further embodiment of a cartridge according to 

5 the present invention will be described. Figure 59 shows one embodiment of a. cartridge 
900 which may be removably inserted into an apparatus for driving penetrating members 
to pierce ddn or tissue. The cartridge 900 has aplurality of penetratmg members 902 
that may be individvially or otherwise selectively actuated so that the penetrating 
members 902 may extend outward from the cartridge, as indicated by arrow 904, to 

10 penetrate tissue, hi the present embodiment, the cartridge 900 may be based on a flat 

disc with a number of penetrating members such as, but in no way limited to, (25, 50, 75, 
100,...) arranged radially on the disc or cartridge 800. It should be understood that 
although the cartridge 900 is shown as a disc or a disc-shaped housing, other diapes or 
configurations of the cartridge may also work without departmg from the spirit of the 

15 present invention of placing a phirahty of penetrating members to be engaged, singly or 
in some combination, by a penetrating member driver. 
• Each penetrating member 902 may be contained in a cavity 906 in the cartridge 

900 with the penetrating member's sharpened end facing radially outward and may be in 
the same plane as that of the cartridge. The cavity 906 may be molded, preyed, forged, 

20 or otiierwise formed in the cartridge. Although not limited m this manner, the ends of 
the cavities 906 maybe divided into individual fingers (suchas one for each cavity) on 
the outer periphery of the disc. The particular shape of each cavity 906 may be designed 
to suit the size or shape of the penetrating member therein or the amount of space d«ared 
for placement of the analyte detecting members 808. For example and not Kmitation, the 

25 cavity 906 may have a V-shaped cross-section, a U-shaped cross-section, C-shaped 
cross-section, a multi-level cross section or the other cross-sections. The opening 810 
through which a penetrating member 902 may exit to penetrate tissue may also have a 

variety of shapes, such as but not limited to, a circular opening, a square or rectangular 
opening, a U-shaped opening, a narrow opening that only allows the penetrating member 
30 to pass, an opening with more clearance on the sides, a slit, a configuration as shown in 
Figure 75, or the othor shapes. 
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In tMs embodiment, after actuatioii, thepenetrating ni^^^ 
the cartridge and may be held ^thin the cartridge 900 in a mamief so that it is not able to 
beusedagain. By way of example and notlimitatiox.. a used penetrating inember may 
be returned into the cartridge and held by the launcher in position untH the next lancing 
5 event. At the time of the next lancing, the launcher may disengage the used penetrating 
member with the cartridge 900 tumed or indexed to the next clean penetrating.„,ember 
such that the cavity holding the used penetrating member is position so that it is not 
accessible to the user (i.e. turn away fiom a penetrating member exit opening), Ih some 
embodiments, the tip of a used p^etrating member may be driv«x into a protective stop 

10 thatholdthepenetratingmemberinplaceafteruse.Thecartridge900isreplaceable 
with a new cartridge 900 once all the penetrating members have been used or at such 

other time or condition as deemed desirable by the usw. 

R«^««^8stilltotheembodimaitinFiguie59,fliecartridge900niayprovide 
sterile enviromnents for penetmting members via seals, foils, covere, polymeric, or 
similar materials used to seal the cavities and provide «,closed areas for the penetrating 
members to rest in. In the present embodiment, a foU or seal layer 920 is applied to one 
surface of the cartridge 900. The seal layer 920 may bemade of a variety of materials 
such as a metallic foil or other seal materials and may be of a tensile strength and other 
quahty that may provide a sealed, sterile enviromnent mitil the seal layer 920 is penetrate 
by a suitable or penetrating device providing a preselected or selected amount of forceto 
open the sealed, sterile enviromnenL Each cavity 906 may be individually sealed wi th a 

layer 920 in a mamier such that the opening of one cavity does not interfere with the 
sterility in an adjacent or other cavity in the cartridge 800. As seen in the embodhnent of 
Figure 59. the seal layer 920 may be a planar material that is adhered to a top surface of 
25 the cartridge 800. 

Depending on the orientation of the cartridge 900 in the penetrating member 
driver apparatus, the seal layer 920 may be on the top surface, side surface, bottom 

surface, or other positioned surface. For ease of illustration and discussion of the 

embodiment of Figure 59, the layer 920 is placed on a top surfece of the cartridge 800 

30 The cavities 906 holding the penetrating members 90i are sealed on by the foil layer 920 
and thus create the sterile environments for the penetrating members. The foil lay« 
may seal a phiraKty of cavities 906 or only a select number of cavities as desired 
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In a still further feature of Figure 59, the cartridge 900 may optionally include a 
plurality of analyte detecting members 908 on a substrate 922 which may be attached to 
a bottom surface ofthe cartridge 900. The substrate maybe made ofaihaterial such as, 
but not limited to, a polymer, a foil, or other material suitable for attaching to a cartridge 

5 and holding the analyte detecting members 908. As seen in Figure 59, the substrate 922 
may hold a plurality of analyte detecting members, such as but not limited to, about 10- 
50, 50-100, or other combinations of analyte detecting members. This facilitates the 
assembly and integration of analyte detecting inembe^ These 
analyte detecting members 908 may enable an integrated body fluid sampling system 

10 where the penetrating members 902 create a wound tract in a target tissue, wM^^ 

expresses body fluid that flows into the cartridge for analyte detection by at least one of 
the analyte detecting members 908. The substrate 922 may contain any number of 
analyte detecting members 908 suitable for detecting analytes ni cartridge having a 
plurahty of cavities 906. In one embodiment, many analyte detecting members 908 may 

15 be printed onto a angle substrate 922 which is then adhered to the carb^ 

manufacturing and simplify ^embly. The analyte detecting members 908 may be 
electrochemical in nature. The analyte detecting members 908 may further contain 
enzymes, dyes, or other detectors which react when exposed to flie desired analyte. 
AdditionaUy, the analyte detecting members 908 may comprise of clear optical windows 

20 that allow light to pass into the body fluid for analyte analysis. The number, location, 
and type of analyte detecting member 908 may be varied as desired, based in part on the 

design ofthe cartridge, number of analytes to be measured, the need for analyte detecting 
member calibration, and the sensitivity of the analyte detecting mfem^ 

900 uses an analyte detecting member arrangement where the analyte detecting members 
25 are on a substrate attached to the bottom ofthe cartridge, there may be through holes (as 

shown in Figure 76), wicking elements, capillary tube or other devices on the cartridge 
900 to allow body fluid to flow from the cartridge to the analyte detecting members 908 
for analysis^ In other configurations, the analyte detecting mraibers 908 maybe printed, 
formed, or otherwise located directiy in the cavities housing the penetrating members 
30 902 or areas on the cartridge surface that receive blood after lancing. 

The use ofthe seal layer 920 and substrate or analyte detecting mraiber layer 822 
may facilitate the manufachne of these cartridges 10. For example, a single seal layer 
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may also show measured analyte levels or other measurement or feedback to the user 
without the need to plug apparatus 980 or a separate test strip into a sq)arate analyte 
reader device. The apparatus 980 may include a processor or other logic for actuating 
the penetrating member or for measuring the analyte levels. The cartridge 900 may be 
5 loaded into the apparatus 980 by opening a top housing of the apparatus which may be 
hinged or removably coupled to a bottom housing. The cartridge 900 may also draivn 
into the apparatus 980 using a loading mechanism similar iii spirit to that found on a 
coinpact disc player or the like, hi.such an embodiment the apparatus may have a slot 
(similar to a CD player in an automobile) that allows for the insertion of the cartridge 

10 900 into the apparatus 980 which is then automatically loaded into position or otherwise 
seated in the apparatus for <:q)eration thereiii. The loading mechanism may be 
mechanically powered or electrically powered. In some embodiments, the loading 
mechanism may use a loading tray in addition to the slot The slot may be placed higher 
on the housing so that the cartridge 900 will have enough clearance to be loaded into the 

15 device and then dropped down over the penetrating member cWver 982. The cartridge 
900 may have an indicator mark or indexing device that allows the cartridge to be 
. properly aligned by the loading mechanism or an aligning mechanism once the cartridge 
900 is placed into the apparatus 980. The cartridge 900 may rest on a radial platform 
that rotates about the penetrating member driver 982, thus providing a method for 

20 advancing the cartridge to bring unused penetrating members to engagement with the 
penetrating member driver. The cartridge 800 on its underside or other surface, may 
shaped or contoured such as wth notches, grooves, tractor holes, optical markers, or the 
like to facihtate handling and/or indexing of the cartridge. These shapes or surfaces may 
also be varied so as to indicate that the cartridge is almost out of unused penetrating 

25 members, that there are only five penetrating members left, or some other cartridge status 

indicator as desired. 

A suitable method and apparatus for loading penetrating members has been 
described previously in commonly assigned, copending U.S. patent applications 
Attorney Docket 381 87-2589 and 381 87-2590, and are included here by reference for all 
30 purposes. Suitable devices for raigaging the penetrating members and for removing 
protective materials associated with the penetratmg member cavity are described in 
.commonly assigned, copending U:S..patent applications Attorney Docket 381 87-2601 
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tissue lanciog phase which comprises when fte penetrating membtar hits the inflection 
point on ttie skin and begins to cut the skin B and the penetrating member continues 
cutting the skin C. The penetrating member rest phase D is the liniit of tiie penetration of 
the penetrating member into the skin. Pain is reduced by nunimi2dng the duration of the 
penetrating member introduction phase A-C so that there is a fast incision to a certain 
penetration dq>th regardless of the duration of the deforaiation phase A and inja.ection 
point cutting B which will vary from user to user. Success rate is increased by 
measuring the exact depth of penetration from inflection point B to the limit of 
pcaietration in the penetrating member rest phase D. This measurement aUows the 
peaietratmg member to always, or at least reliably, hit the capillary beds which are a 
known distance underneath the surface of the skin. 

The penetrating mCTiber retraction phase further comprises a primary retraction 
phase E when the skin pushes the peaetratirig member put of the wound tract, a 
secondary retraction phase F when ttie penetrating member starts to become dislodged 
arid pulls in the opposite direction of the skin, and penetrating member exit phase G 
when the penetrating member becomes free of the skin. Primary retraction is the result 
of exertmg a decreasing force to pull the penetrating member out of the skin as the 
penetratmg member pulls away from the finger. Secondary retraction is the result of 
exerting a force in the opposite direction to dislodge the penetrating member. Control is 
necessary to keep the wound tract open as blood flows up the wound tract. Blood 
volume is increased by using a uniform velocity to retract the penetrating member during 
the penetratmg member retraction phase E-G regardless of the force required for the 
primary retraction phase E or secondary retraction phase F, either of which may vary 
from user to user depending on the properties of the user's skin. 

Displacement versus time profile of a penetrating member for a controlled 
penetrating member retraction can be plotted. Velocity vs. time profile of the penetrating 
member for the controlled retraction cann also be plotted. The penetrating member 
driver controls penetrating member displacement and velocity at several steps in the 
lancing cycle, including when the penetrating member cuts the blood vessels to allow 
blood to pool 2130, and as the penetrating member retracts, regulating the retraction rate 
to allow the blood to flood the wound tract while keeping the wound flap from sealing 
the channel 21 32 to permit blood to exit the wound. 
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cycle B^^e, ^,3«c »^ ^^g, 

The amount of inelastic tenting indicated by Z tends to W f.; i • 

15 -»aU compared to the magnitude of the elastic tentr T ''™^^^ 
• , ^ . . *^^°e- Generally, the amount of 

;.eWtentmgZcanbeahout,20toahoutl40micra«s. Asthemagnitur .L 

inelasfc tenting has a fairly constant value and is small comn, f"*"''' 
dast.Vt«,« ^ "*°9»red to the magnitude Of the 

given u.. , J"'"""'^- °°«»l»*<'fteDli„gdatafcobt«„e4fora 

P^cedu^ c,»t,« ^ ^^.^ ^ ^ ^ ^ 

nunimize pain for the mf^r a ^^n* e*^ 2>uccess rate and 

P m the user. A rollmg average table can be used to collect and store the 
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tenting data for a patient with a pointer to the last entry in the table. When a new entry is 
input) it can replace the entry at the pointer and the pointer advances to the next value. 
When an average is desired, all the values are added and the sum divided by the total 
number of entries by the processor 193; Similar techniques involving exponential decay 
5 (multiply by .95, add 0.05 times current value, etc.) are also possible. 

With regard to tmting of skin generally, some typical values relating to 
penetration depth are now discussed. A cross sectional view of the layers of the skin can 
be shown. In order to reliably obtain a useable sample of blood from the skin, it is 
desirable to have the penetrating member tip reach the venuolar plexus of the skin. The 

10 stratum comeum is typically about 0. 1 to about 0.6 nun thick and the distance from the 
top of the dermis to the venuole plexus can be from about 0.3 to about 1.4 mm. Elastic 
tenting can have a magnitude of up to about 2 mm or so, specilially, about 0.2 to about 
2.0 mm, with an average magnitude of about 1 nam. This means that the amount of 
penetrating member displacement necessary to overcome the tenting can have a 

1 5 magnitude greater than the thickness of skin necessary to penetrate in order to reach the 
venuolar plexus. The total penetrating member displacement from point of initial skin . 
contact may have an average value of about 1 .7 to about 2.1 nam. In some.embodiments, 
penetration depth and maximum penetration depth may be about 0.5 mm to about 5 mm, 
specifically, about 1 mm to about 3 inm. In some embodiments, a maximum penetration 

20 depth ofabout 0.5 to about 3 mm is useful. 

In some embodiments, the penetrating member is withdrawn with less force and a 
lower speed than the force and speed during the penetration portion of the operation 
cycle. Withdrawal speed of the penetrating member in some embodiments can be about 
0.004 to about 0.5 m/s, specifically, about 0.006 to about 0.01 m/s. In other 

25 embodiments, usefiil withdrawal velocities can be about 0.001 to about 0.02 meters per 
second, specifically, about 0.001 to about 0.01 meters per second. For embodiments that 
use a relatively slow withdrawal velocity compared to the penetration velocity, the 
withdrawal velocity may up to about 0.02 meters per second. For such embodiments, a 
ratio of the ai^erage penetration velocity relative to the average withdrawal velocity can 

30 be about 100 to about 1000. In embodiments where a relatively slow withdrawal 

velocity is not important, a withdrawal velocity of about 2 to about 1 0 meters per second 
may be used. 
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Vtooto exa^vle of m en>bodim.mt of a yek»nty profile for a pen*ali„g 
member oan be ««*„™, , member proiile witt a fia 

5 »»<'=J«>ws.ocd=,aUoaofU«pa,eMi,,g,,^bertowardstheassuefc^ 
ele«,o.a^«iof<^^^^^,^^^_^^^ j^^^ 

■s sh« off and .he pe.e«.g „eo,be, begte to ooa« ™u, i„eacbes skin baioated 
b,Bat„hiebpoi«,U».eloci^begta^^^,^_,^^^^^___^^ 

has reacted rnaxin. disp.acem«« a.d seWes „K»ne„wiy, ^ieally m. a toe of 

about 8 millisecoDds. 

co„trollable<tover..hichisco.tn,iJedbythep™ce«»rto^^^^ 

velocity of no »ore than about 0.006 to about 0.01 meters/second. ll.e cycle is 

Illustrated in th^velodty versus tixueplotofFigur. ,51 where the^^^^ 
accelerated to the start ppi,t to point A . The penet^^ 

Where the penetrating m«nber tip contacts tissue 233. T„e peneth.t,ng member tip then 

penetrates the dssue and slows with braldng force ev^^^^^ 

penetration depth is approached. The penetrating member is stopped and settling 

betweenCandD.AtD,thewithdrawalphasebeginsa„dthepenetratingn.emb^ 

slowlywithdrawnuntilitretiunstotheinitializationpointsbownbyE. Notethat 

retrograde recoil to elastic and inelastic tenting was not shown in the 1^^^^^ 
for puipose of illustration and clarity. 

^"»«'t»^«nbodit»ent,thewithdrawaiphasernayusead„^^ 
the slow .006 to .01 meter per second spc^ used until the penetrating member is 

w.thdrawnpastthecontactpointwiththetis^e.thenafasterspeedof .01 to 1 m^^^ 
second may be used to shorten the complete cycle. 

^^^^^-^^tionbasbeendescribedandiltostrated^threfer^acetocert^^ 
parucular embodiments thereof, those skilled in the art wiU appreciate that various 

adaptations, ohanges, modifications, substitutions, deletion^ or additions 6f procedures 

and protocols may be made without departing to the spirit and scope of the inve^^^^ 
For example, with any of the above embodiments, the location of the penetrating 
u^ember drive device may be varied, relative to the penetmting members or the cartridge 
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With any of the ahove embodiments, the penetrating member tips may be uncovered 
during actuation (i.e. penetrating members do not pierce the penetrating member 
enclosure or protective foil during launch). With any of the above embodiments, the 
penetrating members may be a bare penetrating member during launch. With any of the 
5 above embodiments, the penetrating inembers may be bare penetrating members prior to 
launch as this may allow for significantly tighter densities of penetrating members. In 
some embodiments, the penetrating members may be bent, curved, textured, sh^ed, or 
otherwise treated at a proximal end or area to faciUtate handling by an actuator. The 
penetrating member may be configured to have a notch or groove to facilitate coupling to 
l b a gripper. The notch or groove may be formed along an elongate portion of the 

penetrating member. With any of the above embodiments, the cavity may be on the 
bottom or the top of the cartridge, with the gripper on the other side. In some 
embodimoits, analyte; detecting members may be printed on the top, bottom, or side of 
the cavities. The fi:ont end of the cartridge maybe in contact with a user during lancing. 
1 5 The same driver may be used for advancing and retraction of the penetrating member. 
The penetrating member may have a diameters and l^gth suitable for obtaining the 
blood volumes described herein. The pmetrating member driver may also be in 
substantially the same plane as the cartridge. The driver may use a through hole or other 
opening to engage a proximal end of a penetrating member to actuate the penetrating 
20 member along a path into and out of the tissue. 

Any of the features described in this application or any reference disclosed herein 
may be adapted for use with any embodiment of the present invention. For example, the 
devices of the present invention may also be combined for use with mjection penetrating 
members or needles as described in coirmaonly assigned, copending U.S. Patent 
25 Application Ser. No. 10/127,395 (Attorney Docket No. 38187-2551) filed April 19, 

2002. An analyte detecting member to detect the presence of foil may also be included 
in the lancing apparatus. For example, if a cavity has been used before, the foil or 
steriUty barrier will be punched. The analyte detecting member can detect if the cavity is 
fresh or not basfed on the status of the barrier. It should be understood that in optional - 
30 embodiments, the sterility barrier may be designed to pierce a sterility barrier of 

thickness that does not dull a tip of the penetrating member. The lancing apparatus may 
also use improved drive mechanisms. For example, a solenoid force generator may be 
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A sol^i, lor « ™o, a,, p^, tava^ioa n.a, hav. a ve ooib a,ri in to 
P^™bodi„,e„,to*gi.^^,^^„f^^i^ 0.=ch=.gei..oi„c^ 
a»tock.e^oftoou,ern«,a,.Wlo,^^g.^fl„„i^ Byi,c«^„gU. 

aU^b.^a«,„m«,,>4ofac„flpi.^ ™» ^ bo app„I„/, 
. a coil, creating a more efficieot system. 

^ , ^'^'»°'*"°P«'»^'^v.«nbodim«,.g«ppermtoinnor«Iofto ' 
^.veca.i^mayhoM*epo„e.radngm™berd„™gship™c..a„aa,„ 

el«nma,.g ,,.0 fcann. of nsing U» r™l protecdvo end. or ote part u, r«ain .he «s«i 
peno^.„gmomber.Somooteaavan.agosoftodisclosedcmbod^^ 

of «ld,b«>al embodtaMb inctode: same m«d«msm fer Wc^g to 

^^^■J^toastoagoareai.highn^.t.rofpe^ratingmcmbc^^ 

25 50. 75, 1 00, 500. or moro penaraUng memb™ may b. p« on , disk or canridgo- 

moldoi body abou, a isncc. bocom^ nm-coessao, mannlSoWng of 
^nber devices is simplified ttrougb to use of carWdges; handing is possible of bare 
"xh me^, ™es, witon. any additional s^ncnral fe.«,es. to ac*,ate «,em into dssne- 
n-«™g (belter ton 50 micron - tol. and be«.r ton 20 nncon verb-can 

P«e«o„ in guiding; and s,on,ge system for new and nsed p«,elr=Hng members, wiO, 
m4 vKi«.IcaWttes/sk.,s is provided, lb. bousing of to Isnoing device may also be 

^ to be ergonomiosDy pl««n^ to one embodiment to device bns . ™ia, of about 
56 a length of about . 05 mm «k1 a tbidmess of aboM 1 5 mm. Additionally, some 
"^"tanent, of topresent invention may be used witb non^ectricaj fon» generators 
or dnve mechanism. For «an,le, to pmrch device and m«hods fbr releasmg to ' 
P»*tog members Wstedle enotosures could be adapted for use »» spring based 

^Per using a fictional couphng may dso be adapted for use with other 

OTive technologies. 

Still Ikrther optional features n^ay be included with the present mention For 
example, v.th any of the above en,bodin,ent^ the location of the penetrating n,e™ber 
dnve device n.ay be varied, relative to the penetrating „,embers or the cartridge With 
any of the ^bove en^bodin^ents, the penetrating^en^ber tips may be nncovered during 
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actuation (i.e. penetrating members do not pierce the penefrating member enclosure or 
protective foil during launch). The penetrating members may be a bare penetrating 
member during launch. In some embodiments, the penetrating member niay be a patent 
needle. The same driver may be used for advancing and retraction of the penetrating 
5 member. Different analyte detecting members detecting different ranges of glucose 
concentration, different analytes, or the like may be combined for use with each 
penetrating inember. Non-potentiometric measwement tecMques may also be used fo^ 
analyte detection. For example, direct electron transfer of glucose oxidasis molecules 
adsorbed onto carbon nanotube powder microelectrode may be used to measure glucose 

10 levels. Li some embodiments, the analyte detecting members may formed to Audi with 
the cartridge so that a *Vell" is not formed. In some other embodiments, the analyte 
detecting members may formed to be substantially flush (>yithin 200 microns or 100 
microns) with the cartridge surfaces. In all methods, nanoscopic wire growth can be . 
carried out via chemical vapor deposition (CVD). In all of the embodiments of the 

1 5 invention, preferred nanoscopic vvures may be nanotubes. Any method useful for 
depositing a glucose oxidase or other analyte detection material on a nanowire or 
nanotube may be used with the present invention. Additionally, for some embodhnents, 
any of the cartridge shown above may be configured without any of the penetrating 
members, so that the cartridge is simply an analyte detecting device. Still further, flie 

20 indexing of the cartridge may be such that adjacent cavities may not necessarily be used 
serially or sequentially. As a nonlimitmg example, every second cavity may be used 
sequentially, which means that the cartridge ynll go through two rotations before every 
or substantially all of the cavities are used. As another nonlimiting exaniple, a cavity 
that is 3 cavities away, 4 cavities away, or N cavities away may be the next one used. 

25 This may allow for greater separation between cavities containing penetrating members 
that were just used and a fresh penetrating member to be used next. For any of the 
embodiments herein, they may be configured to provide the various velocity profiles 

described. 

This application cross-references commonly assigned copending U.S. Patl^it 
30 Applications Ser. No. 1 0/323,622 (Attorney Docket No. 381 87-2606) filed December 1 8, 
2002; commonly assigned copending U.S. Patent AppHcations Ser. No. 10/323,623 
(Attorney Docket No. 38187-2607) filed December 18, 2002; and coinmonly assigned , 
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cop«.di„gU.S.PatentAi,ph-catiansSer.No. 10/323.624 (Attorney Docket No 38187 
2608) filed December 18, 2002. Hus appLcation is alsorelated to cox^only assigned 
copendiBgU.S.PatentApplicatioiu;Ser.Nos. 10/335.142. 10/335.215 10/335 ^58 
10/335.099. 10/335.219. 10/335.052. 1(V335.073. 10/335.220. 10/335,'252. 10/335^18 
5 10/335.21 1. 10/335.257. 10/335.217. 10/335.212. and ,0/335.241, 10/335 183 

(Atton.eyDpcket.Nos.38187-2633thro«gh38187-2652)filedDecember31 2002 ITus 
application is also a continuation-in-part of co«^nly assigned, copending US. Patent 
Application Ser. No. 10/425.815 (Attorney Docket No. 38187-2663) filed May 30 2003 
Tins application is a continnation-ir^part of conunonly assi^ed. copending US. ;ate„t " 
10 Application Ser. No. 10/323.622 (Attorney Dockc* No. 38187-2606) filed on December 
18. 2002. which is a continuation-in-part of commonly assigned, copending US. Patent 
Apphcation Ser. No. 10/127.395 (Attorney Docket No. 38187-2551) filed April 19 

2002. ^-pphcadon is also a continuation-in-part of connnonly assigned, copend^^ 
US. Patent Application Ser. No. 10/237.261 (Attomey Docket No. 38187-2595) filed 
15 September 5. 2002. This apphcation is further a contmuation-in-p^ 

assigned, copending US. Patent Application S^. No. 10/420.535 (Attorney Docket No 
38187-2664) filed April 21. 2003. This apphcation is fiirther a continuation-in-part of ' 
commonly assigned, copending US. Patent Apphcation S^. No. 10/335.142 (Attorney 
Docket No. 381&7-2633) filed December 31. 2002. This application is fiirther a 

' 7^T^^'^ ^'^"^ ^^"^^ ^»*-^Apphcation Ser. No. 

10/423,851 (Attorney DocketNo.38187-2657)filedApri,24.2003. This application 
also claims tiie benefit of priority from commonly assigned, copending US. Provisional 
Pat«,t Application Ser. No. 60/422.988 (Attorney Docket No. 38187-2601) filed 
November 1. 2002; commonly assigned, copending US. Provisional Patent Apphcation 

> Ser. No. 60/424.429 (Attorney Docket No. 381 87-2602) filed Nov^nber 6. 2002- and 
common^ assigned, copending US. Provisional Patent Apphcation Ser. No. 60M24 429 
(Attorney Docket No. 381 87-2604) filed November 20. 2002. All applications listed' 
above are incorporated herein by reference for aU purposes. 

"^^P-^W-tionsdiscussedorcitedhereinareprovidedsolelyforft^^^^ 
pnor to the filing date of the present application. Nothing herein is to be construed" as an 
admission . that tiie present invention is not entitled to antedate such publication by virtue 
of pnor invention. Further, the dates of pubhcation provided may be different from the 
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actual publication dates which may need to be independently confirmed. All 
publications mentioned herein are incorporated herein fay reference to disclose and 
desCTibe the structures and/or methods in connectiori wth which the publications are 
cited. For ease of reference, U.S. Provisional AppHcations Ser. No. 60/476,584, 

5 60/478,040, 60/478,704, 60/478,657, 60/478,682, and 60/507,689 are hereby fully 
incoiporated herein by referCTice for all purposes. 

Expected variations or differences in the results are contemplated in accordance 
with the objects and practices of the present invention. It is intended, therefore, that the 
invention be defined by the scope of the claims which follow and that such claims be 

10 interpreted as broadly as is reasonable. 
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1. ^™«*^<>f<»°feol«nS a penetrating member, the method 

comprising: 

(a) P^vidingadevicecomprisingapenetratingmemberdiiv^ 
5 a position sensor and a processor; 

(b) accderatingthepenetratingmembertowardsatargettissue;and 

(c) «»A»g a control algorithm to control the driver to decelerate the 
penetrating manber to foUow a desired trajectory. 

2. A method ofcQntroffing a penetrating m«nber, the method 

10 comprising: 

(a) I»«vidingalancmgdevicecomprisingapenetratingmember 
dnver havmg a position sensor and a processor that can detennine the relati ve position • 
and velocity of thepenetratingmember based on measuring relative position of the 
penetrating member with respect to time; 

r 

(b) acceleratingthepenebatingmembertowardsatargettissue;and 

(c) "singan ad^tive control algorithm to decelerate the peneh^g 
member to follow a desired trajectory, wherem the penetrating m«nber is not decelerated 
m a sudden manner where the tissue bounds away from the member. 

. ■ feed forward control comprises using a • 

20 planned velocity profile to reach a desired depth. 

4. The method ofclaim lwherem the magnihideofthe known value 
of deceleration is determined by the deceleration of the penetiating member due to 

mhinsic fiictional forces of tiie lancing device alone. 

^^^"'^^^^ ^f^'^i^l^^er comprising using a look-up table to 
25 deteimmepenetiating member settings based on a desired penetration depth. 

6. A method of controlhng penetrating member velocity, the method 

comprising: 

advancing the penebating memba- to reach a fct desired velocity; 
P™vi<l«»8 a controller for applying braking force; 



15 
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applying variable amounts of braking force and driving force to follow a 
predicted velocity profile, checking in each braking cycle whether braking force should 
be varied. . 

7. . A method of controlling penetrating member velocity, the method 

5 comprising: 

controlling penetrating member depth by using an electronic lancet drive 
system where inbound penetration of the member to the skin is determined by the 
amoimt offeree applied by the motor to achieve a certain velocity at impact with the 
skia 

10 8. . A method of body fluid sampling concrprising: 

moving a penetrating member at confonning to a selectable velocity 

profile or motion wayefonn; 

measuring force applied by user to a front end of a lancing device; 
determining amount of tissue tenting; 

« ■ 

15 . recording tenting and force. 

9, The method of claim 8 further comprising using force and tenting 
to determine stratuni comeum thickness based on a slope of multiple force and tenting 
data points. 

1 0. A device for body fluid sampling usable with a cartridge housing a 
20 plurality of paietrating manbers, the device comprising: 

ahousing; 

a penetrating member driver coupled to said housing and for use with said 

cartridge; 

a processor for controlling said penetrating member, driver to move at 
25 least one of said penetrating members at velocities which conform with a selectable 
velocity profile; 

a pressure transducer coupled to a firont end of the housing where a user 
places a target tissue, said transducer sending measurements to the processor, said 
processor also measuring tenting of the tissue. 
30 11. The device of claim 

1 0 comprising a window allowing a user to see the cartridge while the 

cartridge is in said housing. 
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.12. The device of claim 

1 0 comprising display showing device status. 

13. The device of claim 

10 comprising display showing lancing performance. 

14. The device of claim 

10 comprising display showing lancing parameters. 

15. The device of claim ' 

- 

dn»r along .„ ^ dss„e and to. ah op^,^ ^ 

16. The device of claim 

10 whereto saidpeaeoatog^nber driv„m,w« an active ooe Of said 
^ang „en.be„ atonga veioci„^ii,e ™,„eea MM pain an. ^^^^ ,„ 
levels below that Of known devices. . j'<«nio 

17/ The device of claim 

. ^O^^-^^^dP^^elratingxnemberdrivermovesanactiveoneofsaid 
penet^tmg rnember. along a veloci^ piffle that redu^ 

levels at least 1.5 times less than that of known devices. ' 

.18. The device of claim 

'°"'«*'»''ll»°*»'i^«>™I>«driveriBov«anacdveoneofaaid 
pe«««n,g ".e^bera along a veloci,,p„,fi,e xednces reddnal pain ,o levels a, leas, 2 
times less thkn that of known devices. 

19. A method of determining contact between a tip of a penetratmg 
member and target tissue.pfapatient comprising: 

, , _ -^'^ a lancing device comprising a penetrating member 

25 dnver having a position seosor and a processor that c^ detennin. the relative posiUon 

and velocity of the penetrating member based on measuring relative position of the 

penefratmg member with respect to tune; 
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(b) Measuring a magnitude of deceleration of the penetrating member 
during at least a portion of the inward cutting stroke of the lancing cycle and comparing 
the magnitude of the measured deceleration to a known value of deceleration; and 

(c) Detejmining contact ifthe magnitude ofthe measured deceleration 
5 is sufficiently greater than the magnitude of the known vahie of deceleration.. 

20. The method of claim 1 wherein the magnitude of the known value 
of deceleration is determined by the deceleration of the penetrating member due to 
intrinsic fiictional forces of the lancing device alone. 

21 . . The method of claim 20 wherein the magnitude of the known 
10 value of deceleration is detennined empirically by observing the magnitude of 

deceleration ofthe penetrating member when the penetrating member is known to be 
making contact with the target tissue. 

22. A method of designing a product, the method comprising: 

• • • 

using personality test to deteimine characteristics of the user; 
2 5 designing a plurality products designed to s^peal to those with certain 

^ ♦ ■ 

pCTsonaUties; 

selecting at least' onie product design based on user personality. 

23 . A method of controlling penetrating member velocity, the method 

comprising: 

20 advancing the penetratiiig member to reach a first desired velocity; 

providing a controller for applying braking force; 

■ * • 

applying variable amounts of braking force based on a desired velocity 
provide to bring the penetrating member to a stop at a desired dqpfli. 

24. Amethodof body fluid sampling comprising: 

25 moving a penetrating member at velocities that conform with a tent and 

hold lancing yelocity profile or motion waveform; 

achieving higher rates of spontaneous blood and higher spontaneous 

yields given the same penetration depth; 

achieving lower pain relative to spontaneous blood yield. 
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25. ll>edeviceo£claim24wherei„thepb,etxating33,e^^^^ 
waveibnn contains a stationary portion. raj eciory 

hoJd .power requirement to hoJA ' « and- 



5 



whs,.- ■ ^"'"'""'''''^''•''"^S-tcm-anMan.ped-boId" 

ofltoskiii,bMnottolM>ldlheielaxationofaKskin. 

28, A mcUlodofbody Arid sampling, ae„«fc„j„„p^. 

Skin Characteristics e g. hydration. possiWy Stratum 



comeum thickness 

skin ~ ^ a given depth or given 



power used toretract the penetrating nr^ber fiona a given depth 



15 



20 



25 



wound stabilization characteristics used to pet th^w^v^ * 
of collaaen fiw * y. ^ get the blood out -reorientation 

oi cpuagai fibeis to keep the channel patent 

.n«H . ^'"'*°'^"'"'"*~^""Sdq,thofpenetiatingnieniberniotioninto 
a patient, said method comprising; "iioninto 

mTT p«i6^ »d de.1^, 

difference to deteimme the tenting. . ^ 

oene.™.- ^'^^^ ^''^'^ '^'^^^"^"^g -"acting the dedr^^ 

penetration depth by the amount of tenting. 

^be.a..nieasuringtheamountoft.tingandwhile^^ ^ 
~«.patienUocontinuethe.cingev.tino;dertoac.eve3des.edd.^ 
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32. The method of claim 29 comprising advancing said penetrating 
member to cpntimie the lancing event in order to achieve a desired depth into the tissue. 

33.. A method of controlling a penetrating member, the method 
comprising: [2683] 

5 (a) providing a landng device comprising a penetrating member 

driver having a position sensor and a processor that can deteraiine the relative position 
and velocity of the penetrating mpmber hased on measuring relative pos 

penetrating manber with respect to time; 

(b) providing a predeteraiined velocity control trajectory based on a 

10 model of the driver and a model of tissue to be contacted; and 

(c) using feedforward control to maintain penetrating member 

velocity along said trajectory, 

• - t a 

34, The method ofclaim 29 feed forward control comprises using a 
planned velocity profile to reach a desired depth. 

♦ * . * 

15 35, The method of claim 29 wherein the magnitude of the known 

value of deceleration is detemiined by the deceleration of the penetratmg member due to 
intrinsic fidctional forces of the lancing device alone. 

36. The method of claim 29 wherein the magnitude of the known 
value of deceleration is determined empirically by observmg the magnitude of 

20 . deceleration of the penetrating member when the penetrating member is known to be 
making contact with the target tissue. 

37. A method of controlling penetrating member velocity, the method 

comprising: 

advancing the penetrating member to reach a first desured velocity; 
25 providing a contipller.for applying braking force; 

^ applying variable amounts of braking force and driving force tp follow a 
predicted velocity profile. 



38. A method of fomiing an Linear Variable Differential Transformer 



compnsmg: 
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P^°^'«*™S a bobbin with a physical waU for separating coils or one 
secondaiy coil from coils of another secondary coil; 

^winding a plurality of layers of wiring over said.bobbin, said layera of 
wring wound in a substantially uniforming manner to provide a woM^ 

5 ^'^T^^^'ng said woimd bobbin by using a processor to linearize output 

fiom the bobbin. 

I 

39. The method ofclahn 38 wherdn the processor uses a lookup table 
to linearize the output. . . 

40. The method of claim 38 wherein coils of aprimaiy coil are 
10 separated fiom coils of another primary coil by said wall. 

41. The method ofclaim 38 wherem the output from thb bobbin is 
nonlinear and uses a processor to take the output and Imearize it 

42. A device for body fluid sampling the device comprising: 
a peaietrating monber drivo; 

an LVDT coupled to said driver, wherein said LVDT generates a 
nonlinear oulput which is received by a processor which then linearlizes the output, said 
LVDT used to monitor the position of a penetrating member coupled to. the driver. 

43. A method of controlling penetratmg member velocity, the method 

comprising: 

advancing the penetrating member to reach a firet desired velocity; 
providing a processor coupled to an LVDT, processor linearizing the 
nonlinear output of the LVDT; 

applying variable amounts of braking force based on a desired velocity 
provide to bring the penetrating member to a stop at a desired depth based on position 
feed back from the LVDT. 
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